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CATHODE CATALYSTS FOR LOW-TEMPERATURE FUEL 
CELLS: ANALYSIS OF SURFACE PHENOMENA  
 
Preethi Mathew, Ph.D. 
The University of Texas at Austin, 2013 
 
Supervisors:  Arumugam Manthiram, John B Goodenough 
 
The electrochemical oxygen reduction reaction (ORR) steps on a noble metal 
catalyst in an acidic aqueous electrolyte depend on the nature of the catalytic surface with 
which the O2 molecule interacts. It has been assumed that the O2 molecules interact 
directly with a bare noble-metal surface. By studying the nature of chemisorbed species 
on the surface of a metal catalyst as a function of the voltage on the anodic and cathodic 
sweeps, it is shown here that the O2 reacts with a surface covered with oxide species 
extracted from the aqueous electrolyte and not from the O2 molecules; the ORR is more 
active when the surface species are OH rather than O. Moreover, the strength of the 
chemical bond of the adsorbed species was shown to depend on the relative strengths of 
the metal-metal versus metal-oxide bonds. The Pt-Pt bonds are stronger than the Pd-Pd 
bonds, and the relative Pd-O bonds are stronger than the relative Pt-O bonds. As a result, 
the chemisorbed O species is stable to lower anodic potentials on Pd. CO oxidation to 
CO2 occurs at a higher potential on Pd than on Pt, which is why Pd (not Pt) is tolerant to 
methanol. Experiments with alloys show the following: (1) methanol tolerance decreases 
with the increase of Pt in the Pd-Pt alloys with Pd3Pt/C showing an initial tolerance that 
decreases with cycling; (2) OH is formed on Pt3Co/C and core-shell Pt-Cu/C, which 




anneal is needed to stabilize the Pd3Au/C catalyst that forms an O adsorbate; and (4) OH 
is formed on Pd3Co/C and Pd3CoNi/C. These studies provide a perspective on possible 
pathways of the ORR on oxide-coated noble-metal alloy catalysts. 
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1.  Introduction 
A fuel cell is an electrochemical device that converts the chemical energy of a 
fuel into useful energy through reactions involving an oxidizing agent generating water as 
the by-product. Fuel cells hold the promise of green power when compared with other 
energy conversion devices. The fuel cells are primarily classified by the kind of ion-
conducting electrolytes used, which in turn determines the kind of chemical reactions that 
occur in the fuel cell, the operating range of temperature, the type of fuel and the catalysts 
used. This classification guides the applications of the fuel cells. The major types of fuel 
cells are:  the polymer electrolyte (or proton exchange) membrane fuel cell (PEFC), the 
direct methanol fuel cell (DMFC), the alkaline fuel cell (AFC), phosphoric acid fuel cell 
(PAFC), molten carbonate fuel cell (MCFC) and solid oxide fuel cell (SOFC). The 
features of the different types of fuel cells [1] are summarized in Figure 1.1. 
 
Figure 1.1: Features of the different types of fuel cells. 
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The types of fuel cells studied in this work are PEFCs and DMFCs, which are also 
called low-temperature fuel cells. Both the fuel cells use a polymer electrolyte membrane 
for ionic conduction. 
1.1. POLYMER ELECTROLYTE FUEL CELLS (PEFCS) 
A PEFC consists of anode and cathode catalysts of suitable material and a proton 
conducting membrane. It is a promising technology for automotive applications owing to 
its low emissions, low operating temperature, high power density, and short start-up time 
[2].  Figure 1.1 shows the schematic of a single cell PEFC. The thermodynamic cell 
potential for the overall cell reaction of the PEFC (Equation (1.1)) is 1.229 V vs RHE. 
2H2  + O
2
  ↔ 2H
2
O                                                   (1.1) 
 
Figure 1.2: Schematic diagram of a typical PEFC showing the cross-sectional view, the 
approximate overpotential losses for a cell operating at 1 A cm
-2
 [3], and the 
reactions at the anode and the cathode. 
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Hydrogen is oxidized at the anode to form protons and electrons. The protons are 
transferred to the cathode via the proton-conducting aqueous electrolyte and Nafion 
membrane. Oxygen reacts with the protons and electrons from the external circuit to form 
water. 
PEFCs are at present in the forefront of all types of fuel cells because of the 
multitude of research and development carried out in the field since its application in 
NASA’s Gemini space flights as an auxiliary power source. This application was later 
stimulated into a worldwide renaissance for the transport application under the New 
Generation of Vehicles program, which was sponsored by the US government [3]. 
Presently, the US Department of Energy’s (DOE) Office is developing and demonstrating 
the use of fuel cell power for transportation, stationary, and portable applications. The 
program is focused on PEFCs for vehicles and targets at least 5000 hours as a test for the 
durability with cycling [4]. 
The challenges in the commercialization of the PEFCs are performance, 
durability, and cost. Some of the scientific challenges to be solved for further advances in 
the technology of the fuel cells are the development of electrode catalysts with tolerance 
to carbon monoxide (DMFCs), finding cathode catalysts to reduce the performance 
losses, and finding a cost effective proton conducting membrane that is a vital component 
of the PEFC.  
Platinum (Pt) has been used as the catalyst since the first prototypes of the PEFCs 
[5]. For a typical PEFC operating at current densities of 1 A cm
-2
, the overpotential at the 
hydrogen electrode is about 20 mV and that at the oxygen electrode is approximately 400 
mV. The part of the overpotential loss at the oxygen electrode at open circuit conditions 
contributes to lowering of the reversible potential of the PEFC, which is due to the low 










 for the hydrogen oxidation reaction).  The low io at the cathode causes 
competing anodic reactions such as oxide formation and oxidation of organic impurities, 
which results in a mixed potential of 1.00 V at the cathode catalyst [3]. The sluggish 
cathode reaction kinetics (Figure 1.2) for the ORR, which limits the efficiency and power 
density, constitutes the significant performance barrier and high cost. A typical 
polarization curve of a PEFC is shown in Figure 1.3. Also, in the PEFCs, the ORR occurs 
in the potential range wherein the surface of the catalyst is oxidized (Figure 1.3). 
 
 
Figure 1.3: Polarization curve of single cell PEFC showing different polarization losses, 
and the region of operation of a typical PEFC which overlaps with the 
surface oxidation of the catalysts. 
Researchers are seeking to improve the catalyst performance and reduce the cost 
of the precious metals in the fuel cells by lowering the Pt loading, reducing the size of the 
catalyst particles, thereby increasing the active area and the ORR activity, supporting Pt 
on inexpensive and electronically conductive supports such as carbon (C), and employing 
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new catalyst (non-Pt) materials. Bockris and coworkers [6] have shown that the ORR 
rates could be greatly enhanced by the use of alloy catalysts; it has also been reported 
from ab-initio studies [7] that while Pt is the best elemental catalyst for the ORR, 
alloying of Pt could improve the fuel-cell performance. Alloying of Pt with inexpensive 
metals reduces the amount of Pt per gram of the catalyst and lowers the cost. 
Degradation behavior of the membrane-electrode-assembly (MEA) in a PEFC 
stack has been extensively studied under various operating conditions of the PEFC. 
Experiments using electron probe microanalyzer and X-ray fluorescence [8] have shown 
decay in the performance of the stack due to catalyst degradation and the presence of Pt 
in the membrane of the used PEFC [9]. The Pt catalyst gradually degrades upon potential 
cycling resulting in a lack of durability for reliable applications. The durability issues are 
due to various degradation mechanisms [10] as shown in Figure 1.4. The catalyst 
degradation is associated with a loss in the active area of the catalyst.  
 
Figure 1.4: Different degradation mechanisms of the carbon-supported Pt cathode 
catalyst in a fuel cell. 
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1.2. DIRECT METHANOL FUEL CELLS (DMFCS) 
DMFCs, which are a subset of PEFCs, operate on liquid methanol fuel instead of 
H2 gas, which is an attractive fuel due to its high energy density. Figure 1.5 shows the 
schematic of a typical DMFC. The overall cell reaction of the DMFC is given by 
Equation (1.2) and the thermodynamic cell potential is 1.209 V vs RHE. 
2CH3OH  +  3O2  →  2CO
2
 + 4H2O                                  (1.2) 
 
Figure 1.5: Schematic diagram of a typical DMFC showing the cross-sectional view, the 
approximate overpotential losses for a cell operating at 1 A cm
-2
 [3], the 
methanol crossover from anode to cathode, and the reactions at the anode 
and the cathode. 
The working of a DMFC is similar to the PEFC except that methanol (CH3OH) is 
oxidized at the anode to form protons, carbon dioxide, and electrons. The major 
limitation of the DMFCs, in addition to the sluggish ORR kinetics, is catalyst 
degradation, cost, and methanol crossover. Methanol from the anode is transported along 
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with protons and water through the polymer membrane to the cathode, thereby poisoning 
the cathode catalyst and decreasing the performance of a DMFC.  
1.3. CATHODE CATALYSTS 
An ideal cathode catalyst should facilitate fast reaction kinetics for the ORR with 
no overpotential losses. However, a typical fuel cell cathode catalyst exhibits sluggish 
ORR kinetics and high overpotential losses. The electrochemical reaction at the cathode 
catalyst, which is more complex than that at the anode, involves a four electron transfer 
reaction with multiple elementary steps involving the formation of chemisorbed 
intermediates. The overall cell potential and cell performance of a fuel cell are 
determined by the thermodynamics and reaction kinetics of the ORR at the cathode 
catalyst as discussed in Sections 1.1 and 1.2. The reaction rate of a heterogeneous 
catalytic reaction is determined by the metal-adsorbate bond strength, which is explained 
by the Sabatier principle [11, 12]. The surface of the catalyst is blocked when the 
intermediate binds too strongly with the metal catalyst and the reaction is limited by the 
dissociation of the intermediates/products. If the interaction is too weak, the intermediate 
will fail to chemisorb. 
The targets for the practical application of room-temperature fuel cells include the 
reduction of the overpotential losses for the ORR, material cost, and catalyst degradation. 
Figure 1.6 shows the DOE target of a PEFC, the cathode catalysts, and the cost break-
down of the individual components in a PEFC.  
Figure 1.7 shows the possible reaction mechanisms of the ORR on a Pt catalyst 
reported in the literature [7, 14]. The four-electron pathway of reduction of oxygen to 
form water, shown by the red arrows, is the preferred reaction. The two-electron pathway 
involves the formation of hydrogen peroxide and results in the incomplete reduction of 
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oxygen. The formation of hydrogen peroxide formation competes with the ORR leading 
to a reduction in the cell potential.  
 
Figure 1.6: (a) Research goals (DOE target) of a PEFC and cathode catalyst (data taken 
from reference 4) and (b) the costs of the individual components in a fuel 
cell (data taken from reference 13). 
 
Figure 1.7: Suggested reaction mechanisms of the ORR on a Pt catalyst (* indicates an 
active surface site). 
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Considerable work has been carried out to improve the performance and the ORR 
activity of the catalysts. The recent developments include the use of Pt monolayer 
catalysts [15, 16], Pt-skin catalysts [17, 18], core-shell catalysts [19, 20], and Pt binary- 
and ternary-alloy catalysts [21]. Studies have been pursued to describe the influence of 
the variations in the electronic structure on the catalytic activity and durability. The work 
functions of selected transition metals are shown in Figure 1.8. Alloying metals with 
different atomic sizes and work functions modify the resultant properties of the alloy, 
which influence the catalytic property.  
 
 
Figure 1.8: Work function of selected transition metals [22] and the redox levels of 
H
+
/H2 and H2O/O2 couples [23]. 
1.4. DESCRIPTION OF THE RESEARCH PROBLEM 
In a typical use of the fuel cell, start-up and shut-down cycles, or starvation of 
hydrogen fuel during normal operation of the cell could result in a reversal of current 
flow and can raise the potential of the cathode interface to about 1.5 V vs RHE. It has 
been reported that these extreme operating conditions accelerate the degradation of the 
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fuel cell performance by increased carbon corrosion, accelerated Pt dissolution, and 
dissolution of the surface oxide [24]. It was reported in Section 1.1 that a mixed potential 
exists on the catalyst during the operation of a fuel cell resulting in the formation of 
surface oxides. It has also been reported that the presence of oxygen even in the lower 
potential regions form surface oxide up to a few layers, roughens the surface and results 
in the electrochemical dissolution of the surface oxides [25]. Moreover, it is reported that 
the oxide alters the behavior of the catalyst and affects the mechanism and kinetics of the 
ORR on the surface by imposing a barrier to charge transfer across the surface-oxide film 
[26, 27]. 
It has also been reported that most of the electrochemical reactions on noble 
metals proceed via the formation of adsorbed (chemisorbed) intermediates [28] and that 
the formation of an oxide film occurs at positive potentials. The electrochemical 
measurements on polycrystalline Pt have revealed the presence of multiple oxides on the 
Pt surface at different potentials [29-32]. Most electrochemical investigations suggest 
surface oxides such as Pt-O (PtO) and PtO2 as stable, but the possibility of the presence 
of unstable adsorbates during the span of potential cycling that convert to stable phases 
and their origin has yet to be explored. 
A typical current-potential voltammogram of Pt shows multiple peaks for the 
anodic formation of surface oxide and a single cathodic reduction peak of the oxide. This 
behavior has not been satisfactorily explained. There are two types of adsorbates; those 
that are weakly bound (physisorbed) and those that are strongly bound (chemisorbed). All 
adsorbates referred to in this dissertation are chemisorbed unless specifically mentioned 
as physisorbed. 
   The origin of adsorbed surface oxides on carbon-supported catalysts and their role 
in the ORR have yet to be explored experimentally. In particular, recent developments in 
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the improvement of the ORR activity and stability/durability on alloys of Pd and on 
alloys of Pt are not clearly understood. Moreover, since Pd is tolerant to methanol and Pt 
is not, there is a need to explore how and why the tolerance changes with the composition 
of the Pd-Pt alloys. Figure 1.9 shows the summary of the research problem. 
 
 
Figure 1.9: Summary of the research problem. 
1.5. SCOPE AND OBJECTIVES 
A PEFC converts the chemical energy of the hydrogen (H2) - oxygen (O2) 
reaction to electrical energy. The reactions are represented by, 
At anode:         H2                      ↔  2H
+




 = 0.000 V vs RHE              (1.3a) 




↔  H2O;            E
o
 = 1.229 V vs RHE              (1.3b) 
Overall reaction:   H2  +  ½O2         ↔  H2O;            E
o
 = 1.229 V vs RHE                (1.3c) 
A DMFC converts the chemical energy of methanol (CH3OH) and oxygen (O2) to 
electrical energy via the formation of water and carbon dioxide. The reactions are 
represented by, 






 = -0.020 V vs RHE  (1.4a) 
At cathode:     
2




  ↔ 3H2O;                   E
o
 = 1.229 V vs RHE   (1.4b) 
Overall reaction:  CH3OH  +  23 O2    ↔  CO2 + 2H2O;     E
o
 = 1.209 V vs RHE     (1.4c) 
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However, the actual cell potentials of both the PEFC and DMFC are lower than 
their respective thermodynamic potentials due to various polarization losses.   
The ORR involves the reduction of an O2 molecule. A question to be answered is 
whether the stable oxide intermediates on a Pt surface are the result of the reaction with 
the water of the electrolyte. If the latter is the case, do these surface oxides hinder the 
ORR kinetics or are they necessary precursors to the reduction of O2? The latter question 
is not addressed, but which oxide adsorbate is associated with the ORR activity and 
where this adsorbate is stabilized needs to be explored.  Fig 1.10 shows a schematic of 
the three-phase boundary of carbon-supported catalysts, electrolyte, and O2 gas at which 
the ORR occurs on a Pt/C catalyst. 
 
Figure 1.10: Schematic of a three-phase boundary on the cathode catalyst.  
The strategy of this study is to analyze the surface of the cathode catalyst by 
evaluating the adsorbed species on the catalyst during surface oxidation in an aqueous 
electrolyte and to identify the stable species on the catalyst surface as a function of 
voltage. The analyses are carried out for the cathode catalyst with a three-electrode cell 
configuration. In order to reduce the lead time in the fuel cell stack testing and to obtain 
easily verifiable and reproducible benchmarks for the components, studies were carried 
out to characterize the catalysts independently to determine properties like 
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electrochemical surface area (ECSA), catalytic activity, and durability. Ex situ 
characterization of the catalysts as thin-films on rotating disk electrodes (RDE) or glassy 
carbon electrodes (GC) in liquid electrolytes are used to compare the different catalysts.  
The surface phenomena occurring on a catalyst are related to the changes across the 
electrode-electrolyte interface as shown in Figure 1.11. Electrochemical quartz crystal 
nanogravimtery (EQCN) is a technique to characterize the structure and composition of 
the interface, which allows the combination of measurements of electrochemical process 
and simultaneous mass changes. Studies using ECQN have revealed detailed mechanistic 
information about surface adsorption-desorption, nucleation, and growth of thin film, 
mass loss, and multilayer deposition [33].  
 
Figure 1.11: Schematic of the double-layer model of an electrode-electrolyte interface 
[34]. 
The objectives of the present study are: 
 To analyze the nature and type of surface oxides (or adsorbed intermediates) 
formed on different catalyst surfaces as a function of the applied voltage and 
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to develop an understanding of the relation between the surface oxides, the 
catalytic activity, and durability. This study evaluates the species-specific 
oxides on the catalyst with an in situ technique used to measure the interfacial 
mass-changes at the electrode-electrolyte interface. The knowledge of the 
mechanism of surface oxidation on the catalysts and the role of these oxides in 
catalyst dissolution help to understand the generation of soluble species in the 
electrolyte of a fuel cell. 
 To study the influence of non-adsorbing and adsorbing molecules on the 
surface oxidation. The non-adsorbing electrolyte (perchloric acid) mimics the 
non-adsorbing characteristics of the polymer electrolyte, and the adsorbing 
electrolyte (sulfuric acid) mimics the characteristics of the hydrophilic 
sulfonic acid functional groups of the polymer electrolyte 
 To study the interfacial phenomena and to elucidate the actual mechanisms of 
oxide chemisorption on carbon-supported catalyst nanoparticles. Carbon-
supported cathode catalyst nanoparticles are used in a fuel cell. These 
catalysts have high surface area and roughness, and the surface phenomena on 
the nanoparticles are different from that on a bulk polycrystalline material.   
 To understand the effect of alloying metals with different elemental 
properties, viz., work functions, atomic sizes, and segregation energies, on the 
electronic modifications, the lattice structure and the metal-metal interaction 
in the alloys. This study determines the influence of the alloy properties on the 
type and amount of chemisorbed species during the surface oxidation.  
 To synthesize different alloys with a combination of noble and base metals 
and to study the influence of the ligand effect (electronic modifications) and 
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alloy geometry, viz., compression vs expansion of the lattice, on the metal-
metal interactions and the metal-adsorbate interactions. 
 To analyze and compare the metal-metal bonding vs the metal-adsorbate 
bonding in order to understand the role of carbon monoxide (methanol 
oxidation intermediate), the strength of metal-oxide bonds, and the role of 
these oxides on the origin of methanol tolerance. 
1.6. METHODOLOGY 
A summary of the methodology followed in this work is given in Figure 1.12. In 
this work, we present the results on the surface phenomena of the different catalysts. The 
carbon-supported Pt-based catalysts were commercially purchased from suppliers of fuel 
cell grade catalysts. The carbon-supported Pd-based catalysts for this study were 
synthesized in-house by the easily scalable polyol reduction method. The structural and 
chemical characterizations of all the catalysts were carried out by Energy Dispersive X-
ray Spectroscopy (EDS), Thermogravimetric Analysis (TGA), X-ray Diffraction (XRD), 
X-ray Photoelectron Spectroscopy (XPS), and Transmission Electron Microscopy 
(TEM). The electrochemical characterization of the catalysts was carried out by Cyclic 
Voltammetry (CV) and Electrochemical Quartz Crystal Nanogravimetry (EQCN). The 
performance of the catalysts was determined with Rotating Disk Electrode (RDE) and 
Rotating Ring Disk Electrode (RRDE) measurements. The methanol tolerance of the 
catalysts was determined by CO-stripping voltammetry. The durability of the catalysts 
was studied by accelerated degradation tests, EQCN, and Inductively Coupled Plasma–








2.  Experimental techniques 
ACS grade chemicals and reagents were used as received for the studies.  This 
chapter details the various techniques used throughout the dissertation. Novel techniques 
and/or important variations will be discussed in the respective chapters. Carbon-
supported catalysts with 40 % metal loading (weight basis) were used for the studies. The 
list of consumables, compressed gases, and equipments used are given in appendix A. 
2.1. SYNTHESIS OF CARBON-SUPPORTED PALLADIUM-BASED CATALYSTS 
The carbon-supported Pd-based catalysts were synthesized by the polyol method. 
The polyol method consists of reduction of the metal precursor compounds with liquid 
polyol, which acts as a reducing and dispersing medium.  Ethylene glycol (EG) in 
alkaline medium was used for the polyol redox process. The voltammograms for the 
oxidation of EG and reduction of the Pd precursor salt in EG at a glassy carbon electrode 
(GC) in potassium nitrate (0.4 M KNO3) as the supporting electrolyte are shown in 
Figure 2.1 (a and b). It is seen that the Pd is reduced before the EG, which makes the 
spontaneous reduction of the metal precursor salt unfavorable at room temperature. 
Addition of sodium hydroxide (NaOH) lowers the oxidation potential of EG, and 
increasing the concentration of NaOH enables complete oxidation of EG. Also, 
increasing the temperature oxidizes EG at lower potentials. Water was added to the 
dispersion, if required, as the azeotropic behavior of the polyol-water systems lowers the 
boiling point of EG and helps to complete the oxidation of EG. The metal precursor salt 
that can be reduced under these conditions acts as a seed for the reduction of the salts that 
are difficult to be reduced by this process, as shown in Figure 2.1 (d). The characteristics 
of the catalyst material can be modified by adjusting the parameters such as the polyol 
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medium, reaction temperature and time, pH of the solution, and nature of the precursor 
salt. 
 
Figure 2.1: (a) Voltammogram of the oxidation of ethylene glycol with different 
concentrations of NaOH (inset: the enlarged view showing the trend of 
reduction potentials with increasing concentrations of NaOH), (b) 
voltammogram of Pd salt in ethylene glycol in 0.4 M KNO3 solution on a 
glassy carbon electrode at 500 rpm (V vs SCE) at 25 
o
C and 50 mV s
-1
, (c) 
synthesis of a catalyst under reflux conditions, and (d) reaction coordinate 
diagram. 
The general method of synthesis involves dispersing the carbon support and the 
metal precursor salts in EG, heating the suspension to a given temperature in an oil bath 
and under an inert atmosphere (Argon or Nitrogen) with continuous stirring for a 
specified duration. The supported metal catalyst is then recovered, and the byproducts of 
the redox process are removed by washing and filtration or centrifugation. The dry 
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catalyst powder is further heat-treated in an alumina crucible in a tube furnace to the 
required temperature and time under a reducing atmosphere (10 % Hydrogen/90% Argon 
gas mixture). 
The synthesis conditions and the procedures to obtain specific catalysts are 
described in the respective chapters. A typical setup is shown in Figure 2.1 (c). 
2.2. STRUCTURAL AND CHEMICAL CHARACTERIZATION 
2.2.1. X-Ray diffraction (XRD) measurement 
The X-ray powder diffraction of the catalysts was carried out with a Philips 
Model-APD 3520 X-Ray diffractometer with Cu Kα radiation that uses a Philips PW-
1830 generator. It is based on a Bragg-Brentano 2-theta/theta setup. In this arrangement 
the sample moves by an angle theta (θ) and the detector moves at an angle 2-theta (2θ). 
XRD is based on the scattering of X-rays by the periodic array of atoms in the catalyst 
material and the crystal structure is determined by Bragg’s law. The tube was operated at 
a voltage of 40 kV and a current of 25 mA. Diffraction patterns were recorded with a 




 with a stepwise scan rate of 0.03
o
 with a dwell time 
of 23 s at each step. The sample in a fine powder form is spread onto a glass slide with a 
non-volatile inert liquid such as amyl acetate to form a flat film and is allowed to dry. 
The glass slide with the dry film is inserted into the sample holder in the diffractometer 
with the clean part of the slide held under the clamp in the holder.  All XRD profiles were 
analyzed with the JADE Plus software package, version 9.0.2. The patterns are fit with 
the pseudovoigt fit profile to include size broadening effects and the values were 
recorded for an R
2
 (least square fitting residual) value lower than 10 % and a very low 
value of ESD (estimated standard deviation). From the Williamson-Hall analysis, the 
microstrain in the catalyst samples involving local lattice distortions was calculated. The 
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contribution from instrumental broadening was calculated from the diffraction pattern of 
the external standard (NIST alumina sample, PDF no. 00-046-1212) and was subtracted 
from diffraction patterns of the catalyst samples. The fraction of the solute (xB) in the 







x                (2.1) 
where  aalloy is the lattice parameter obtained from XRD, aA/C is the lattice parameter of 
the carbon-supported host metal (A/C), avégard,alloy is the lattice parameter calculated with 
Végard’s law for a solid solution of the carbon-supported alloy (AB/C), and xB is the 
nominal atomic fraction of the solute B in the alloy catalyst. 
The schematic of XRD and the diffractometer setup are shown in Figure 2.2. 
 
Figure 2.2: (a) Schematic diagram of XRD of a crystalline material, (b) X-ray 
diffractometer, and (c) sample on a glass slide. 
2.2.2. Energy dispersive X-Ray spectroscopy (EDS) measurement 
The bulk metal compositions of the catalyst materials were determined with a 
SEM-EDS (JEOL-JSM5610 scanning electron microscope) having an Oxford 
instruments energy-dispersive x-ray spectroscopy EDS attachment.  In EDS, a high-
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energy electron beam incident on the sample generates an electron-hole pair in the inner 
shell of an atom in the sample. The electron hole is filled by the transition of the outer  
 
 
Figure 2.3: (a) SEM-EDS setup, (b) sample holder, (c) and (d) copper (Cu) standard, 
and sample (catalyst), respectively, and (e) schematic diagram illustrating 
the principle of Energy-dispersive X-ray spectroscopy (EDS). 
shell electrons to the inner shell. This transition emits X-rays characteristic to a particular 
element in the sample. EDS was operated at an accelerating voltage of 20 kV, emission 
current of 80 μA, beam current of 20 μA, and a working distance of 20 mm. The device 
was calibrated with a pure copper (Cu) standard for a dead time of 40% before analyzing 
the unknown sample. The sample to be analyzed is spread onto a carbon tape attached to 
an aluminum stub. A flat sample is required. EDS scans for each sample were analyzed 
and averaged over a large range of different measurement sites on the sample. The EDS 
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setup and the schematic of EDS are shown in Figure 2.3. The alloy density (ρalloy) in g 
cm
-3







                           (2.2) 
where ρA and ρB are the density of the pure metals A and B respectively; wA and wB are 
the weight % of A and B in the alloy, respectively. 
2.2.3. Thermogravimetric analysis (TGA) 
The metal loading in the carbon-supported catalysts was analyzed by 
thermogravimetric analysis with a Perkin Elmer TGA analyzer, model 7. TGA involves 
the study of change in mass of the sample as a function of temperature. The catalyst 
sample was taken in a Pt crucible and TGA was carried out by heating the sample from 
room temperature to 600 
o




 and a cooling rate 




. At 600 
o
C, carbon is oxidized to carbon dioxide in air. The remains of 
the noble metals and the oxides of the less noble metal are characterized by XRD to 
identify the different phases of the metals. The weight loss from TGA and the 
identification of the metals in the remains of TGA are used to calculate the accurate metal 
loading of the carbon-supported catalysts. The setup and the sample TGA curve are 
shown in Figure 2.4. 
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Figure 2.4: (a) Thermogravimetric analyzer (Perkin Elmer TGA 7), (b) a typical 
thermogravimetric profile (e.g., 40 wt.% Pt/Vulcan XC 72R), and (c) 
platinum (Pt) crucible. 
2.2.4. Transmission electron microscopy (TEM) measurement 
The morphology and the particle size distribution of the catalyst materials were 
determined with a JEOL 2010F TEM operating at 200 keV by using a 400 square mesh 
(400 lines inch
-1
) Ni/Cu grids with a carbon film on one side. In TEM, a high-energy 
electron beam is transmitted through an ultra-thin sample to produce high-resolution 
images. The catalyst sample was wetted with water and dispersed in isopropyl alcohol to 
form a dilute homogeneous suspension. The ink was drop cast onto the grid and allowed 
to dry. The film was cast onto the carbon film side of the grid for nanoparticle 
suspensions. The analysis of the TEM image to determine the particle size distribution 
was carried out with the ImageJ software (NIH) and the standard deviation of more than 
70 particles is measured. The TEM setup and the details are shown in Figure 2.5. 
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Figure 2.5: (a) Transmission electron microscope (TEM) setup, (b) and (c) sample 
holder, (d) – (f) TEM grid, and (g) sample suspension. 
2.2.5. Inductively coupled plasma (ICP) spectroscopy measurement 
The composition of the catalysts was also determined with ICP (Agilent 7500 ce 
Quadrupole ICP-MS & Varian 715-ES ICP-OES) measurements. ICP-MS & ICP-OES 
are techniques used for detection of trace amount of metals. In this measurement, 
inductively coupled plasma is used to produce excited atoms and ions that emit 
electromagnetic radiation at wavelengths characteristic of a particular element. In ICP-
MS, the spectra are analyzed based on their mass-to-charge ratio and in ICP-OES the 
intensity of emission spectra is measured. The detection limit of ICP-MS is parts-per-
trillion (ppt) and that of ICP-OES is parts-per-billion (ppb). Dilute solutions of samples 
digested in an acid matrix were analyzed. Measurements were made against calibration 
standards of each element and a blank solution of the acid matrix. 
 25 
2.2.6. X-ray photoelectron spectroscopy (XPS) measurement 
The near-surface composition (~ 10 nm penetration depth) and the chemical states 
of different metals on the surface of the catalysts were determined with XPS (Kratos 
Analytical Spectrometer) measurements with monochromatic Al Kα radiation. All XPS 
spectra were analyzed with the CasaXPS, Casa Software. All spectra were fitted with 
Gaussian-Lorentzian functions and a Shirley-type background. The spectra were recorded 
with no charge compensation since survey scans carried out with and without charge 
compensation showed no shift in the energy scale.  The core-level binding energy (BE) 
change of the alloy compared to the BE of pure metals can be used to understand the 
degree of alloying. Constraints are essential for accurate representation of the data. 
Constraints were introduced for peak position, peak intensity ratio, and full width at half-
maximum (FWHM) of the doublet pairs in the spectra. The chemical state of the material 
is obtained from the peak position of the binding energy, which requires accurate 
calibration of the energy scale. The C 1s peak in the XPS spectra of the carbon-supported 
catalysts was used as the internal standard to calibrate the energy scale of the respective 
catalyst. The measured peak position was calibrated against the true value of the peak at 
284.5 eV [36]. The peak positions of the doublet pair were constrained by the known 
values of the elemental binding energies. The elemental quantification was obtained from 
the peak intensities (peak area). The peak with the largest peak area and no interferences 
was chosen for the elemental quantification. The model to fit the spectra should be 
properly correlated for accuracy of the peak area calculation. The relative sensitivity 
factors (R.S.F) was adjusted accordingly if only one peak of the doublet pair was 
considered for elemental quantification The relative intensities of the doublet pair peaks 
are linked by the quantum numbers and appear in the ratio 2j1+1:2j2+1, where j (j = 1 ± 
½) is the quantum number due to spin-orbit coupling in the final state of the material. The 
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relative intensities for the d-orbital doublet peaks were constrained in the ratio 2:3 
whereas that of the f-orbital doublet peaks was constrained in the ratio 3:4. 
2.3. ELECTROCHEMICAL CHARACTERIZATION 
The electrochemical characterization was predominantly carried out with the 
cyclic voltammetry (CV) technique, shown in Figure 2.6, unless otherwise specified. All 
the electrochemical measurements were carried out in a three-electrode configuration. Pt 
wire and a Hydrogen electrode (HydroFlex, Gaskatel GmbH Inc.) were used as the 
counter (CE) and reference electrodes (RE), respectively. The working electrode (WE) 
varied depending upon the type of experiment and is specified in the appropriate sections. 
A 0.5 M H2SO4 or a 0.1 M HClO4 solution, as required for the measurements, was used 
as the electrolyte. The solution was deaerated for 20-30 minutes prior to the start of the 
experiment, and a continuous purging of the electrolyte was carried out with a stream of 
inert gas (ultrapure dry nitrogen (N2) or Argon (Ar)) during the experiment. Use of other 
gases for the particular measurements is specified in the respective sections. The working 
electrode was immersed in the electrolyte under potential hold (0.05 V for Pt-based 
electrodes, 0.4 V for Pd-electrodes) and was cycled several times between EL and EH (EL: 
0.05 V and EH: 1.2 V for Pt-based electrodes, EL: 0.4 V and EH: 1.24 V for Pd-based 
electrodes) in order to produce a clean electrode surface. The electrode surface was 
considered clean when the cyclic voltammogram becomes invariant with time.  The 
conditioning protocol is varied with the catalyst material. All studies were carried out at 




Figure 2.6: Cyclic potential sweep and resulting current response for a potential sweep 
in cyclic voltammetry (CV). 
2.3.1. Preparation of catalyst ink and thin-film electrode 
The catalyst inks were prepared by mixing a known amount of the catalyst 
powder in 5 wt. % Nafion solution and 2-propanol-water mixture. The ink mixture for 
carbon-supported catalyst was ultrasonicated at room temperature in a bath sonicator to 
obtain a homogeneous dispersion. The ink mixture for unsupported Pt black catalyst was 
sonicated with a wand sonicator. Care is taken to avoid the heating of the ink mixture 
during sonication by adding ice cubes to the bath sonicator or controlling the duration of 
wand immersion in the ink mixture. 8 - 12 µL of the homogeneous dispersed ink was 
drop-cast onto a clean and dry glassy-carbon electrode, and the film was dried in air. For 
in situ mass-change studies, 60 µL (sensor geometric area: 1.37 cm
2
), and 8 µL (sensor 
geometric area: 0.196 cm
2
)  of the ink were drop-cast onto the gold-coated quartz crystal 
sensors. The method of ink preparation was the same for all the catalyst materials being 
studied. The Nafion content in the dry catalyst film was maintained at 20–22 wt.%, 
similar to the content in the membrane electrode assembly used for single-cell testing.  
The glassy-carbon electrode, which was used as the substrate for the working 
electrode, was polished to a mirror finish with a 0.05 μm alumina suspension (Buehler) 
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on a Microcloth, washed, and rinsed thoroughly in ultrapure water prior to the 
electrochemical measurements and film casting. An electrode with a rough surface is first 
polished with 1 μm and 0.3 μm alumina suspensions sequentially on a Nylon polishing 
pad before polishing with the 0.05 μm alumina suspension. 
2.3.2. Rotating (ring) disk electrode (R(R)DE) setup 
The electrochemical measurements were conducted in a three-compartment cell 
with the RDE/RRDE electrode setup (Figure 2.7) and a potentiostat and rotation control 
(modulated speed rotator, PINE instruments Inc.). Glassy-carbon disk electrodes (PINE 
instruments Inc., RDE: 5 mm disk diameter; thin gap RRDE: 5.61 mm disk diameter, 
7.92 mm ring (Pt) outer-diameter, 320 μm ring-disk gap, 37% collection efficiency) were 
used as the substrates for the working electrode. 
 
Figure 2.7: R(R)DE setup. 
The R(R)DE  measurement technique involves forced convection of the reactants 
and the products, which maintains the concentration of all species close to the electrode 
surface uniform and equal to the bulk values. Hence, the system reaches steady state 
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quickly, enabling high precision measurements. In the R(R)DE system, the rotating 
electrode drags the solution at the surface along with it. With the electrode surface as the 
frame of reference, the solution that is dragged with the rotating electrode appears nearly 
stagnant and is called the hydrodynamic boundary layer, δH. This layer is assumed to be a 
laminar boundary layer (or infinite lamina) for the solution of the fluid flow equations 
(Levich equations) for the R(R)DE system [37]. The infinite lamina offers a uniformly 
accessible surface. For accurate measurements under infinite lamina, all boundary 
surfaces are effectively at an infinite distance from the electrode. The boundaries include 
liquid/air boundary, walls of the electrochemical cell, counter and reference electrodes, 
and gas feed. The hydrodynamic measurements also require that there be no flow edge or 
gravitational effects, i.e., the flow in the upper half of the system shall not interfere with 
the flow in lower half. These effects were minimized in this work by maintaining the 
distance from the tip of the rotating electrode to the base of the cell, y, at 10 mm, and by 
using a solution volume of 100 mL. It is also important to maintain a thin film of the 
catalyst on the GC electrode to minimize the mass transfer and kinetic effects within the 
film. The kinetics of the reactions on the R(R)DE electrodes are dependent on the 
hydrodynamic and the diffusion layers, which are a function of the rotation speed of the 
electrode. The details are given in Figure 2.8. 
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Figure 2.8: (a) Schematic of the flow conditions in a R(R)DE system, (b) diffusion layer 
and hydrodynamic layer as a function of rotation speed in 0.5 M H2SO4 
(values of the constants are taken from reference 38), and (c) steady state 
responses in the R(R)DE system. 
2.3.3. Electrochemical quartz crystal nanobalance (EQCN) measurement setup 
The in situ mass measurements were performed with a quartz crystal analyzer 
(Maxtek RQCM, INFICON Inc.) and a potentiostat (CHI760C, CH Instruments Inc.) 
interfaced through a personal computer with the RQCM software. The mass resolution of 
the equipment is less than 0.4 ng cm
-2
. The analyzer has a phase-lock oscillator (PLO) 
circuit that provides high measurement stability over a wide frequency range. A flow cell 
(Figure 2.9 (a)) or a batch cell (Figure 2.9 (b)) was used for the measurements as required 
for the specific experiment. In the flow cell (ALS Inc.), the cell of chamber volume ~ < 
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0.1 mL was connected to the electrolyte reservoir through a gear pump that controls the 
flow of the electrolyte into the chamber at a pre-determined rate, in this case at ~ 50 µL/s, 
giving a residence time of 2 s. It is important that there be no pulsations in the flow of the 
electrolyte through the chamber for accurate mass measurements. An EQCN sensor with 
a geometric area of 0.196 ± 0.003 cm
2
 and a resonant fundamental frequency of 7.995 
MHz in air was used as the substrate for the working electrode in the flow cell. The batch 
cell consists of a CHK-100 Kynar crystal holder (INFICON Inc.) that is immersed into 
the electrolyte solution (volume: ~ 150 mL). A 5 MHz sensor with an exposed geometric 
area (front) of 1.37 cm
2
 and thickness of 333 µm was used as the working electrode. The 
details of the EQCN measurement technique are shown in Figure 2.9. 
The EQCN sensor consists of a thin quartz crystal sandwiched between two metal 
electrodes. A sensor coated with gold (Au) on titanium (Ti) underlayer on either side of 
the quartz crystal was used for electrochemical measurements. An alternating electric 
field was applied between the metals across the crystal that causes the crystal to vibrate at 
its resonant frequency (converse piezoelectric effect). Any mass attached to the exposed 
area of the EQCN sensor changes the vibration frequency of the sensor, and this change 
is measured. A typical CV and EQCN response of a Pt electrode is shown in Figure 2.10. 
A standard AT-cut gold-coated quartz crystal oscillator is used for the measurements as it 
has negligible temperature coefficient at the desired operating temperature. Optically 
polished sensors (mirror finish) were used for the measurements as high surface 
roughness can cause large apparent mass loadings resulting in inaccurate results. Any 
error in the frequency measurements, which is a function of the oscillator and the crystal, 
is minimized by electrode capacitance cancellation. The capacitance cancellation 
adjustment was performed with the crystal in the actual solution used for electrochemical 
measurements. Over or under compensation of capacitance can introduce errors during 
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the electrochemical measurements. Capacitance cancellation is essential for accurate 
mass measurements of soft films. For accurate measurements of the EQCN response of 
the catalyst particles, it is essential to understand the factors affecting the data and the 
limitations on the use of catalyst nanoparticles for the experiments. 
 
Figure 2.9: (a) EQCN flow cell, (b) EQCN batch cell, (c) working principle of EQCN 
sensor, and (d) and (e) EQCN sensors. 
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Figure 2.10: (a) CV and (b) associated EQCN mass and frequency response of a Pt quartz 
crystal electrode in 0.5 M H2SO4 at 50 mV s
-1
 and 25 
o
C. 
2.3.3.1. Factors affecting EQCN response 
A catalyst-loaded EQCN sensor is shown in Figure 2.11a. Some of the factors 
affecting the EQCN response are the weight of water molecules along with the adsorbate 
species on the catalyst surfaces, swelling of the ionomer in the presence of the electrolyte, 
mass change associated with electrosorption, mass change due to electrochemical 
dissolution, mass changes due to specific adsorption of ions and adsorption of water 
molecules, changes in properties of solution in the interphase, stress in the metal lattice 
during adsorption/absorption and oxide formation, and changes in roughness factor. As 
the viscous loading effect of the electrolyte is negligible for a rigid film on the EQCN 
sensor and as only the relative values of the change in frequency are measured, the mass-
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response data used in the study is not affected by these factors. Any changes observed are 
reported in the respective chapters. In this work, the film drop-cast onto the gold-coated 
quartz crystal electrode was close to a rigid film and data from consistent results are 
reported. Moreover, owing to competitive water electrolysis on the electrode surface, the 
formation of bubbles is a source of interference. The presence of a bubble would cause a 
decrease in the mass as the liquid is displaced. In this work, these effects are minimized 
by the use of a large exposed area and solution volume (batch cell) or a flowing 
electrolyte that assists in bubble detachment (flow cell); this minimization is generally 
corroborated by the uniform results obtained in both CV and EQCN data. 
2.3.3.2. Establishing the use of EQCN measurement with catalyst loaded sensor 
The different forces acting on the loaded sensor are shown in Figure 2.11b. The 
catalyst film of nanoparticles with Nafion as the binder can form a soft film on the 
sensor. Liquid can be trapped inside the porous matrix. Also, the liquid layer adjacent to 
the sensor can dampen the sensor oscillation.  The soft film dampens the sensor’s 
oscillations. The damping (energy dissipation) reveals the nature of the film and the 
liquid adjacent to the sensor. The Maxwell model and Voigt model (Figure 2.11c) were 
used, respectively, to measure the frequency and the dissipation change for the sensor 
with the electrolyte and with a soft film (viscoelastic film) with a Q-sense E1, QCM-D 
electrochemistry module. The change in frequency and the dissipation energy at different 
harmonics (Figure 2.11d) of sensor oscillations were measured for both the bare Au 
sensor and a sensor loaded with unsupported Pt (Pt black) in 0.5 M H2SO4. Models were 
used to fit the data. From the measurements, it was seen that the viscosity of the 
electrolyte film (ηf) adjacent to the sensor was comparable to the viscosity of the bulk 
electrolyte (ηf ≤ η). The thin-film effect was negligible. The effect of swelling and liquid 
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in the pores were negligible as calculated from the thickness of the catalyst film in the 
solution. 
 
Figure 2.11: (a) Catalyst-loaded EQCN sensor, (b) the different forces acting on the 
loaded sensor, (c) model used for measuring the fluid properties adjacent to 
the sensor, and (d) combined frequency (F) and energy dissipation (D) of the 
bare Au sensor and sensor loaded with unsupported Pt in 0.5 M H2SO4. 
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2.3.4. Interfacial mass change 
The change in the interfacial mass (Δm) was calculated from the change of the 
vibrational frequency (Δf) of the resonator by using the Sauerbrey equation for a rigid 
model (Δf = -Cf.Δm) [33] and the theoretical value of the calibration constant (Δf = -







                                   (2.3) 
where fo is the resonant frequency of the quartz resonator, n is the number of harmonics 
(here, n = 1), A is the piezoelectrically active area, µq is the effective piezoelectrically 










The amount of the adsorbed intermediate (M) in the oxide region is obtained from 
the change in mass (Δm) and the faradaic charge (Δq) by using the combination of 
Faraday’s Law and the mass change, Equation (2.4) as  
   
q
F.n.m
M                                      (2.4) 
where δΔm is the interfacial mass change between the potential limits under consideration 
(the potential limits considered in this work are between the onset of surface oxidation 
and upper potential, EH), n is the number of electrons involved in the Faradaic reaction, F 
is the Faraday constant, Δq is the charge associated with the mass change. The different 
possible surface oxygenated species (adsorbed) are given in the appendix, Table A.4. 
As different carbon-supported catalysts were compared to ascertain their relative 
performance, the theoretical value of the calibration constant is considered in the 
calculations. It has been reported that the theoretical value is similar to the measured 
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value in most cases [39]. The mass changes reported are based on the geometric area (ng 
(or µg) cm
-2
geo) of the sensor unless otherwise mentioned. 
2.3.5. Measurement of electrochemical active surface area (ECSA) by HUPD method 
The maximum electrochemical surface area of Pt (ECSAPt, cm
2
) was calculated 
from the hydrogen adsorption/desorption (Hads/Hdesorp) charge (HUPD) by assuming the 
charge for a monolayer of hydrogen (H) coverage to be 210 μC cm
-2
. The charge for the 
monolayer was calculated by assuming an equal distribution of the three low-index 
planes on Pt [40]. It is also assumed that only a monolayer of hydrogen is adsorbed on the 
Pt surface in a 1:1 ratio [41] and that a constant double-layer charge/discharge extends 
into the HUPD region. The surface area measurements were carried out based on Hads and 
Hdesorp; no significant difference was observed in the values. In this work, the ECSAPt 
 
Figure 2.12: (a) CV of unsupported Pt black in 0.5 M H2SO4 at 50 mV s
-1
, (b) 
determination of charge, and (c) determination of the real surface area of the 
catalyst. 
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from Hdesorp is considered. The double-layer charge is subtracted from the total charge for 
desorption of the monolayer of hydrogen to obtain the actual ECSAPt. The details are 
shown in Figure 2.12. 
2.3.6. Carbon monoxide (CO) stripping voltammetry 
CO stripping voltammetry is a technique used to characterize a fuel-cell catalyst. 
The onset of CO desorption, peak potential, and shape of the CO desorption 
voltammogram are a function of the surface of the catalyst. In this method, CO is 
adsorbed onto the electrode surface in a CO-saturated electrolyte under a potential hold 
for a specified duration. During this process, only a monolayer is adsorbed on the catalyst 
surface. The electrolyte is then purged with inert gas (N2 or Ar) to ensure complete 
removal of CO from the solution. The catalyst surface adsorbed with CO is subjected to 
CV to remove completely the adsorbed CO from the surface, and the absence of the CO 
stripping peak in the subsequent CV cycles confirms the complete desorption of the CO. 
The CO stripping area corresponds to the ECSA (cm
2
) of the catalyst. It has been 
reported that CO adsorption under a lower hold potential favors end-on adsorption [42] 
for which the charge for a monolayer coverage is assumed to be 420 μC cm
-2
. The details 
are given in Figure 2.13. Experiments were carried out to determine the optimum 
adsorption time, potential hold, and upper potential for the catalysts. The optimum values 
for Pt-based and Pd-based catalysts are given in Figures 2.14 and 2.15, respectively. The 
peak potential of CO stripping voltammetry is a measure of the binding strength of CO to 




Figure 2.13: (a) CV of unsupported Pt black (black and red lines represent, respectively, 
with and without CO adsorbed layer) in 0.1 M HClO4 at 50 mV s
-1
, (b) 
determination of charge, and (c) determination of the real surface area of the 
catalyst. 
 
Figure 2.14: (a) Optimum time for CO adsorption at 0.05 V vs RHE at 25 
o
C and (b) 
optimum potential hold at 20 minutes of CO adsorption in 0.1 M HClO4 at 
50 mV s
-1 
(unsupported Pt black). 
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Figure 2.15: (a) CV of 40 wt.% Pd/C (black and red lines represent, respectively, with 
and without CO adsorbed layer), (b) optimum upper potential for complete 
CO desorption at a potential hold of 0.075 V vs RHE at 25 
o
C, and (c) 
optimum potential hold at 20 minutes of CO adsorption in 0.1 M HClO4 at 
50 mV s
-1
 (40 wt.% Pd/C). 
2.3.7. Activity measurement for oxygen reduction reaction (ORR) 
ORR activity measurements were conducted by linear sweep voltammetry (LSV) 
and the RDE setup. All LSV experiments were carried out at a scan rate of 10 or 20 mV 
s
-1
 and a rotating speed of 1600 rpm in oxygen (O2) saturated solution. The scan details 
are given in the respective chapters. Background correction of the disk current was 
carried out by scanning the electrode with the ORR scan program in a N2 or Ar -saturated 
solution. The details are shown in Figure 2.16. The quality of the catalyst film on the 
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electrode strongly influences the ORR curve. For a good coating, the experimentally 










620                           (2.5) 
where jlim is the limiting current density, n is the number of electrons involved in the 
ORR reaction, D is the diffusivity of oxygen in the specific electrolyte (for 0.5 M H2SO4: 






, [38]), ω is the rotation speed, υ is the kinematic viscosity of the 




, [38]), and   is the concentration of 




, [38]). By 
assuming a negligible film effect on the ORR kinetics, the kinetic current normalized 
with geometric area in cm
2 
is given by Equation (2.6) as 
   
limk jjj
111
                                 (2.6) 
where j is the measured current density, jk is the kinetic-limited current density, and jlim is 
the diffusion-limited current density. The measured current is dependent upon the loading 
of the catalyst. For a low catalyst loading, the distance between the adjacent catalyst 
agglomerates increases, which decreases the true surface area of the catalyst resulting in a 
decrease in the limiting current. An optimum catalyst loading is essential to obtain the 
required ORR current with insignificant O2 diffusion effects through the film. 
Experiments were carried out with different catalyst loadings to obtain the optimum value 
for the various catalysts studied.  In this work, the optimum catalyst loading has been 
used for the R(R)DE measurements. Typical data for the optimum loading is shown in 
Figure 2.17. ORR activity is reported as a normalized value. Normalization is based 




Figure 2.16: Analysis of LSV (LSV of unsupported Pt black from 0.3 to 1.0 V vs RHE at 
25 
o
C and 10 mV s
-1
 at 1600 rpm in O2-saturated 0.5 M H2SO4). 
 
Figure 2.17: (a) ORR polarization curves for different catalyst loadings (e.g., 40 wt.% 
Pt/C from 0.2 to 1.0 V vs RHE at 25 
o
C and 20 mV s
-1
 at 1600 rpm in O2-
saturated 0.5 M H2SO4), and (b) specific activity as a function of Pt loading. 
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2.3.8. Determination of hydrogen peroxide (H2O2) intermediates 
Experiments were carried out to estimate the amount of H2O2 intermediates and to 
compare them with the amount of surface oxide. The efficiency for the collection-
generation experiments for each of the catalysts coated onto the glassy carbon electrode 
substrate was evaluated. The generation-collection (RRDE) experiments were carried out 
with the RRDE electrode with a Pt ring. The empirical collection efficiency of the 
electrode was measured in 1 mM K3Fe(CN)6 in 0.1M NaNO3. The disk was scanned from 
0.8 to 0.02 V at 10 mV s
-1
 while the ring was held at a constant potential of 0.8 V. The 
details are shown in Figures 2.18 and 2.19. The diffusion-limiting disk and ring currents 
are considered, both being read at the same potential. The experimental determination of 
the efficiency (N) takes into account the effect of catalyst thickness, catalyst loading, and 
active-site density; this experiment gives an accurate measure of the selectivity of the 
ORR on the catalyst being studied. The selectivity and the amount of H2O2 are adjusted 
with the experimental value of N for each catalyst. Once the experimental value of N has 
been determined, it can be treated as a property of that particular RRDE even if the 
RRDE is used to study a different half-reaction in a different solution. In the RRDE 
experiments, O2 is reduced to H2O and H2O2 at the disk and H2O2 is collected at the ring. 
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Figure 2.18: (a) RRDE electrode, (b) schematic of generation-collection of the redox 




) in 1 mM 
K3Fe(CN)6 - 0.1 M NaNO3 solution with disk electrode scanned from 0.8 to 
0.02 V vs RHE at 25 
o
C and 10 mV s
-1
, and ring electrode held at 0.8 V vs 
RHE. 
The cathodic limiting current at the disk is a measure of the amount of H2O2 
generated at the disk, and the anodic limiting current is the amount of H2O2 collected at 
the ring. The amount of H2O2 is calculated with Equation (2.10). The disk is scanned at 
10 mV s
-1
 while the ring is held at the potential at which the oxidation of H2O2 is 
diffusion-limited. The potential details are given in the specific chapters. The selectivity 
of the catalyst is given by Equation (2.11).  













                                 (2.10) 
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                                 (2.11) 
Background corrections of the measured currents were carried out as mentioned 
in Section 2.3.7. 
 
 
Figure 2.19: (a) Ring and disk currents for the determination of collection efficiency of a 
GC disk electrode with Pt ring in 1 mM K3Fe(CN)6 in 0.1M NaNO3 soltuion 
with disk electrode scanned from 0.8 to 0.02 V vs RHE at 25 
o
C and 10 mV 
s
-1
, and ring electrode held at 0.8 V vs RHE, and (b) collection efficiency 
(N-empirical and N-theoretical) of the GC disk electrode. 
2.3.9. Electrochemical durability measurement 
Accelerated degradation tests were carried out to simulate long-term behavior of 
the catalysts and to analyze the extent of dissolution under different operating conditions 
of fuel cells. The catalysts were cycled to different upper potentials and also as a function 
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of the number of potential cycles. The testing protocol is shown in Figure 2.20. Fresh 
electrolyte was used for each dissolution experiment. The specific testing conditions for 
different catalysts are mentioned in the respective chapters. It has been reported that 
cycling in the oxide formation-reduction region leads to higher dissolution rates [43]. 
This study also helps to understand the influence of the surface oxide on the dissolution 
rates as a function of potential. 
 
 





Polymer electrolyte fuel cells (PEFCs) are being pursued for transport, stationary, 
and portable applications owing to their inherent distinguishing features, which include 
low-temperature operation and a polymer electrolyte membrane. However, the critical 
technical challenges in the commercialization of the PEFCs are performance degradation, 
poor durability of the Pt catalyst material or long-term performance instability, a high 
overpotential for the oxygen-reduction reaction (ORR) at the cathode, and the high cost 
of the PEFC. The US Department of Energy (DOE) program for the development of the 
fuel cells is focused on PEFCs for use in vehicles with targets of at least 5000 hours 
durability with cycling and with a mass activity of 0.44 A/mg Pt at 0.9 VIR-free
  
[4]. 
Platinum (Pt), in spite of its high cost, has been used since the first prototypes of the acid-
electrolyte fuel cell [5] owing to its electrochemical stability over a wide potential range 
and comparatively good catalytic activity. Although Pt is a noble metal, it does not 
behave as a true inert material under the operating conditions of the PEFC. It interacts 
with the environment to form a thin layer of oxide on its surface [44]. Research is 
continuously being carried out to enhance the performance and reduce the cost of the 
PEFCs. 
Some recent advances in the fuel-cell technology include the use of carbon-
supported Pt and Pt alloy nanoparticles that reduce the Pt loading, thereby lowering the 
cost of the fuel cell. These developments have also led to an enhanced ORR activity and 
durability [45].  
In this section, the results of the surface phenomena on the fuel cell catalysts such 
as polycrystalline platinum, unsupported platinum black nanoparticles, carbon-supported 
platinum and platinum binary-alloy nanoparticles are presented and discussed.  
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3.  Surface oxide growth on polycrystalline platinum electrodes by 
EQCN analysis 
3.1. INTRODUCTION 
A Pt electrode interacts with the environment and forms various oxides. It has 
been reported that different crystal faces of the polycrystalline Pt catalyst have different 
preferences for the type of oxide being adsorbed on the surface [29] that form the 
multiple peaks observed during anodic oxidation of the Pt catalyst. It is apparent that 
multiple oxides exist on the surface of the Pt catalyst at different potentials, though only a 
few of them are reported to be stable, contributing to the actual faradaic current as seen in 
the cyclic voltammogram (CV) of the Pt catalyst. Most electrochemical investigations 
suggest surface oxides such as PtOH, Pt-O (PtO), PtO2 or their admixtures as stable 
oxides [30, 44]. Definite experiments are yet to be carried out to determine conclusively 
the form in which the adsorbed oxide exists on the surface of the Pt catalyst and the effect 
of different operating conditions on the type of surface oxide. 
The interaction of water molecules with a Pt surface studied by Surface-Enhanced 
Infrared Absorption Spectroscopy was shown to be dependent on the electrode potential 
[46]. It has been reported that above point-of-zero-charge (pzc) i.e., at positive electrode 
potentials, the water molecules had a flat orientation and formed ice-like structure on the 
electrode. As the potential increases to the region of oxide formation, the deprotonation 
of the water molecules occurs forming different surface oxides [47]. It has also been 
reported that the initial sub-monolayer stage of adsorption of the O-containing species is 
influenced by the competitive chemisorption of the anions. 
The objective of this study is to analyze the nature of surface oxides (or adsorbed 
intermediates) at different potentials and under the actual conditions of an oxygen 
reduction reaction (ORR). In this chapter, we present the results of the extent of surface 
 49 
oxidation as a function of potential, and type of anions, dissolved gases, and pH of the 
electrolyte. 
3.2. EXPERIMENTAL METHODS 
3.2.1. Electrochemical characterization 
The EQCN in situ mass measurements were performed by using a Pt EQCN 
sensor. A sensor with Pt coated on a titanium (Ti) underlayer on either side of the quartz 
crystal was used for electrochemical measurements. A batch-cell using a 5 MHz sensor 
was used for the measurements. The details of the EQCN measurement technique are 
given in Section 2.3.3.  
 
Figure 3.1: Cyclic voltammogram of a Pt electrode in 0.5 M H2SO4, at 50 mV s
-1
. The 
dashed-vertical lines denote the upper potentials (EH) to which the electrode 
is scanned. 
Different sets of experiments were carried out to study the surface oxide on Pt. 
The first set of experiments involved the electrochemical characterization of the Pt 
electrode by a potential scan between 0.05 and EH (Figure 3.1, EH: upper potential), at 50 
mV s
-1
. This measurement was carried out in 0.01, 0.05, 0.1, and 0.5 M H2SO4, and 0.1 
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M HClO4 solutions (deaerated). The upper potential was varied from 0.8 to 1.5 V in steps 
of 0.1 V.  The resistance of the different sulfuric acid solutions is measured by impedance 
spectroscopy (Figures B.1 and B.2) and the details are given in Table 3.1. Measurements 
were also made in 0.1 M NaOH in the potential range of 0.05 to 1.2 V at 50 mV s
-1
. 






0.01 1.80 205.090 
0.05 1.30 51.304 
0.1 1.08 26.958 
0.5 0.30 5.789 
The second set of experiments consisted of the potential scans from 0.05 V to 1.2 
V at 50 mV s
-1
 in deaerated and oxygen-saturated 0.5 M H2SO4 solutions. The third set of 
experiments consisted of the potential scans between 0.05 and 1.2 V at 20 mV s
-1
 and a 
staircase voltammetry (SCV) (Figure 3.2) in deaerated 0.5 M H2SO4 solution. SCV was 
carried out between 0.05 and 1.2 V with a potential increment (ΔE) of 4 mV, a step 
period (tp) of 0.2 s (equivalent to a scan rate of 20 mV s
-1
), and a sampling width (ts) of 
100 ms. The chosen parameters sample the data at 50 % of the step, thereby minimizing 
the effect of double-layer capacitance. 
Electrode cleaning was carried out as given in Section 2.3. The maximum 
electrochemical surface area (ECSAPt) was calculated from hydrogen desorption charge 
(HUPD) as mentioned in Section 2.3.5. 
The amount of adsorbed intermediates on the electrode surface was obtained from 
the combined CV and EQCN measurements for the potential cycling. The interfacial 
mass response is calculated as mentioned in Section 2.3.4. 
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Figure 3.2: Potential-step sweep and current response for a potential step in staircase 
voltammetry (SCV). 
3.3. RESULTS AND DISCUSSION  
3.3.1. Electrochemical characterization 
Potentiodynamic sweep experiments were carried out in solutions of anions that 
adsorb weakly (HClO4) or strongly (H2SO4) and saturated with either O2 or Ar to study 
the influence of various parameters on the extent of surface oxidation on polycrystalline 
Pt. 
3.3.1.1. Effect of upper potential and the adsorbing ions 
Measurements were carried out as a function of the upper potential to identify the 
different stages of oxide formation on the Pt electrode. The amount of surface oxide 
calculated with Equation (2.4) for different upper potentials and different electrolytes (0.5 
M H2SO4 and 0.1 M HClO4) are shown in Figure 3.3. The combined CV and EQCN 
 52 
response of the polycrystalline Pt electrode is shown in Figure 3.4. A summary of the 
reactions on a Pt electrode with expected mass change is given in Table 3.2. From the 
integrated charge density and the associated change in mass during the anodic scan, an 
amount of 8 g mol
-1
 per electron passed is typically obtained indicating the formation of 
an anhydrous oxide film on the surface of Pt. The suggested reactions for the formation 
of the oxide film can be written as 
Pt  + H2O  ↔  PtO  + 2H
+
   +   2e
-
                                          (3.1) 
Pt  + 2 H2O  ↔  PtO2  + 4H
+
   +   4e
-
                                          (3.2) 
Increase in the upper potential results in increased addition of mass to the 
interface. The EQCN response does not distinguish between the different oxidation states 
of Pt. However, the results show that an anhydrous film is formed on the Pt surface. From 
Figure 3.3, it is seen that the amount of adsorbed oxide, M g mol
-1
, is the same over the 
potential range of 1.0 to 1.5 V, indicating that the surface oxide is independent of the 
upper potential. At the onset of oxide formation, the nature of oxide is influenced by the 
type of anions in the solution as seen in Figures 3.3 and B.4. 
 
Figure 3.3: Amount of adsorbed species (M) on a Pt electrode in 0.5 M H2SO4 and 0.1 
M HClO4 in the potential range of 0.05 to EH at 25 
o





Figure 3.4: (a) CV (1 indicates the characteristic HUPD peaks and 2 shows the shift in the 
onset of oxide formation to less positive potential due to the absence of 
anion adsorption) and (b) associated EQCN response of a Pt electrode in 0.5 
M H2SO4 and 0.1 M HClO4 in the range of 0.05 to 1.2 V at 25 
o




The combined CV and EQCN response at different upper potentials are given in 
appendix B (Figure B.3). The electrochemical behavior of the Pt electrode under different 
conditions is given in Figures B.4 and B.5. The summary of the data is given in Tables 
B.1, B.2, and B.3.  
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3.3.1.2. Effect of double-layer capacitance 
Measurements were carried out to study the effect of capacitance on the amount 
of surface oxide. The parameters for the SCV were chosen such that the double-layer 
contribution to the charging current is reduced, which results in data for only the faradaic 
process. SCV measurements suppress the HUPD region because of the high reversibility of 
 
Figure 3.5: SCV and CV with associated EQCN response of a Pt electrode in 0.5 M 
H2SO4 and 0.1 M HClO4 between 0.05 and 1.2 V at 25 
o
C and 20 mV s
-1
. 
the H adsorption/desorption kinetics, which occurs at the beginning of the step and 
decays when the current is being measured. The CV and EQCN response under CV and 
SCV are shown in Figure 3.5. The charging currents due to double-layer capacitance are 
minimized when the SCV method is used. The influence of the different techniques on 
the extent of surface oxidation on Pt is shown in Figure 3.6. It is seen that the amount of 
adsorbed oxide is independent of the scan rate and the measurement technique. A  
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Table 3.2: Summary of reactions occurring on the surface of a Pt electrode with expected mass response 
Reaction 




















Pt  + H2O      ↔ PtO  + 2H
+
   +   2e
-
 Mass gain Mass loss 8 Pt
++
   : 195.078 1094 
PtO  + H2O   ↔ PtO2  + 2H
+
   +  2e
-
 Mass gain Mass loss 8 Pt      : 195.078 1177 
Pt
++
  + H2O ↔ PtO  + 2H
+
     Mass loss Mass loss - PtO    : 211.077 - 
Pt                  ↔ Pt
++
               +   2e
-
 Mass loss Mass gain 97.539 PtO2   : 227.077 1011 
Pt
++
+ 2H2O  ↔ PtO2  +4H
+
    +  2e
-
 Mass gain Mass loss 16*  1177 
Mass response of interest Mass gain Mass loss    
* if Pt
++
 stays on the electrode surface in the specific-adsorbed region; those italicized are the EQCN responses that are 
not expected for the particular scan. (Reactions taken from the Pourbaix diagram) [48].
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summary of the data is given in Table B.1. Subsequent electrochemical measurements 




Figure 3.6: Electrochemical behavior of oxide formation on Pt electrode in 0.5 M 
H2SO4 and 0.1 M HClO4: comparison of different techniques. 
3.3.1.3. Influence of O2-saturated solution 
Measurements were carried out to evaluate the type and nature of surface oxide in 
the presence of dissolved O2 by using a solution saturated with O2. The combined CV and 
EQCN response of a Pt electrode in O2-saturated solution is shown in Figure 3.7. It is 
seen that the HUPD region is shifted lower relative to the CV in Ar-saturated solution, but 
the oxide region is comparable in both the cases. The electrochemical behavior in the 
oxide region of the Pt electrode is shown in Figure 3.8. The amount of adsorbed oxide, 
M, calculated with Equation (2.4) indicated that the extent of surface oxidation was 
independent of the partial pressure of O2 in the solution. It also indicates that the surface 
oxidation is a function of only the surface characteristics of the electrode being studied. 
The data are summarized in Table B.1. 
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Figure 3.7: CV and EQCN response of Pt electrode in 0.5 M H2SO4 and 0.1 M HClO4 
between 0.05 and 1.2 V at 25 
o
C and 50 mV s
-1
 in O2 - and Ar -saturated 
electrolytes. 
 
Figure 3.8: Electrochemical behavior of oxide formation on Pt electrode in 0.5 M 
H2SO4 and 0.1 M HClO4: comparison O2- and Ar- saturated solutions. 
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3.3.1.4. Effect of the pH of the solution 
Measurements were carried out in different pH of the electrolyte to study the 
influence of the concentration of protons on the extent of surface oxidations. The amount 
of surface oxide, M, as a function of upper potential in different electrolytes are given in 
Figure 3.9 and the combined CV and EQCN response for an upper potential of 1.2 V 
shown in Figure 3.10. The results were also compared with the mass response in 0.1 M 
NaOH (Figure 3.11, M = 9.85 g mol
-1
). It is seen that the extent of surface oxidation was 
independent of the pH of the electrolyte. The presence of H2O and OH
-
 ions resulted in 
the formation of PtO as the surface oxide. The experiments indicate that the electrode 
surface interacts with the O-containing species (H2O or OH
-
) in the solution and forms an 
oxide lattice as the reaction progresses with the subsequent discharge of the protons and 
water molecules at high potentials. The combined CV and EQCN response at different 
upper potentials are given in appendix B, Figure B.6. The electrochemical behavior of the 
Pt electrode under different conditions is given in Figure B.7. The summary of the data is 
given in Tables B.4, B.5, and B.6. 
 
Figure 3.9: Amount of adsorbed species (M) on Pt electrode in different concentrations 
of H2SO4 in the potential range of 0.05 to EH at 25 
o





Figure 3.10: Combined CV and EQCN response of Pt electrode in 0.5, 0.1, 0.05, and 
0.01 M H2SO4 between 0.05 and 1.2 V at 25 
o






Figure 3.11: Combined CV and EQCN response of Pt electrode in 0.1 M NaOH between 
0.05 and 1.2 V at 25 
o
C and 50 mV s
-1
. 
A change in frequency as a function of charge for a single potential cycle in 0.5 M 
H2SO4 is given in Figure 3.12. The linear relationship observed between the charge and 
frequency indicated the formation of the same anhydrous oxide. It is also seen that a step 
occurs at potentials greater than 1.15 V.  This step may indicate the onset of a surface 
restructuring involving an interfacial place-exchange between the adsorbed oxide species 
and the surface Pt atoms. It has been reported that strong repulsive interactions between 
the adsorbed O atoms could lead to this place-exchange in the potential range of 1.1–1.2 
V [49]. 
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Also, the CV of Pt in 0.5 M H2SO4 showed two peaks (the transition of the first 
peak to the second peak occurs at ~1.0 V) during the anodic sweep with amplitudes for 
them being more or less the same, which suggests that one part could be the formation of 
OH and the other part could be O. This possibility was tested by doing a potential scan to 
1.0 V. The anodic scan showed a two-electron transfer in the formation of the oxide 
whereas the reduction of the oxide showed a one-electron transfer corresponding to OH. 
A place exchange of surface oxide ions could stabilize surface OH on reducing the 
potential below 1.0 V. 
Based on the results, the Equations (3.1) and (3.2) can be modified as 
Pt  +   H2O  ↔  PtOH     + H
+
   +   e
-
                                       (3.1a) 
PtOH  ↔  PtO         + H
+
   +   e
-
                                      (3.1b) 
PtO  +  H2O  ↔  PtOOH  + H
+
   +   e
-
                                       (3.2a) 
PtOOH  ↔  PtO2      + H
+
   +   e
-
                                       (3.2b) 
 
 
Figure 3.12: Change in frequency (Δf) vs Charge (Q) for a single potential cycle of Pt 
electrode in 0.5 M H2SO4. 
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3.4. CONCLUSIONS 
The extent of surface oxidation on polycrystalline Pt was studied by combined 
CV and EQCN measurements. The amount and type of the adsorbed species was 
analyzed as a function of upper potential, nature of anions, type of dissolved gas in the 
electrolyte, and electrolyte pH. From the experimental results, the following conclusions 
can be drawn: 
 The type and nature of the adsorbed oxide is the same in the potential range of 
1.0–1.5 V and is neither influenced by the anions nor the double-layer 
capacitance. The initial film formed on the electrode surface is an anhydrous PtO 
surface oxide. 
 The extent of surface oxidation is only dependent on the O-containing species in 
the solution (H2O) and is independent of the partial pressure of O2 in the solution. 
The ORR on a Pt electrode involves the formation of a surface oxide intermediate 
from the aqueous electrolyte. 
 The adsorption of the oxide species on the electrode is influenced only by the 
surface characteristics of the catalyst. 
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4.  Analysis of surface oxidation and the extent of surface oxide growth 
on the durability of carbon-supported platinum and platinum binary-
alloy catalysts 
4.1. INTRODUCTION 
In PEFCs, the ORR occurs in the potential range wherein the surface of the 
catalyst is oxidized; and the oxides could exist in several forms that are either weakly or 
strongly bonded [28].
 
 Moreover, the ORR proceeds via the formation of adsorbed 
oxygen intermediates. The oxide film may also induce the dissolution and redeposition of 
Pt at high potentials [27]. The continuous formation and reduction of the surface oxide, a 
condition experienced by the PEFC under frequent start-stop of the device, may result in 
roughening and destabilization of the surface of the Pt catalyst, thus increasing the rate of 
dissolution of Pt [43].  Recent advances to enhance catalyst durability and activity have 
led to the development of Pt alloy catalysts that show a decrease in oxidation of the Pt 
surface [45]. However, accurate descriptions of the oxide and the surface phenomena on 
the catalysts are yet to be clearly understood. There is not enough reported work to 




) on the carbon-
supported nanoparticles. Also, knowledge of the mechanism of surface oxidation on Pt 
and the role of these oxides in Pt dissolution would help to understand the generation of 
the soluble/mobile Pt species in a PEFC.  
In this work, we present results on the surface phenomena of carbon-supported 
core-shell platinum-copper (Pt-Cu), platinum-cobalt (Pt-Co), and platinum-scandium 
(Pt3Sc) binary alloy catalysts. The results are compared with carbon-supported Pt (Pt/C) 
and unsupported Pt (Pt black) catalysts. Different catalysts are compared to understand 
the characteristics of the surface oxide and hence it’s possible influence on the ORR 
activity and catalyst durability. The catalysts for this study, viz., Pt black, Pt/C, and Pt-
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Co/C were purchased from BASF, USA. The Pt-Cu/C (Cu3Pt/C) precursor catalyst was 
synthesized by Strasser’s research group at the University of Houston, TX. The Pt3Sc/ C 
catalyst was obtained from Johnson Matthey plc.   
4.2. EXPERIMENTAL METHODS 
4.2.1. Structural/chemical characterization 
Bulk metal compositions were determined with SEM-EDS scanning electron 
microscopy (Section 2.2.2) and ICP analysis (Section 2.2.5). The metal loading was 
determined by TGA (Section 2.2.3). The structural characterization of the catalysts was 
carried out with a Philips 3520 X-ray diffractometer (Section 2.2.1). Particle size 
distribution was determined with a JEOL 2010F TEM (Section 2.2.4).  
4.2.2. Electrochemical characterization 
4.2.2.1. Preparation of catalyst ink and electrode 
The catalyst inks were prepared by the procedure described in Section 2.3.1. The 
drop-cast ink was allowed to dry at room temperature. The method of ink preparation was 
the same for all the catalyst materials being studied. The details of the cast electrodes are 
given in appendix C, Table C.1. 
4.2.2.2. Cyclic voltammetry (CV) 
The electrochemical characterization was carried out by cyclic voltammetry (CV) 
(Section 2.3). The PtCu3/C precursor catalyst was subjected to electrochemical 
voltammetric dealloying in the potential range of 0.5–1.0 V at 0.1 V s
-1 
for 220 cycles. 
The dealloying results in Pt on the surface of Cu to give a core-shell catalyst. The core-
shell electrode was electrochemically pretreated after the dealloying process by a 
potential scan between 0.05–1.2 V at 0.5 V s
-1
 for 120-220 cycles (the number of cycles 
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was dependent on the catalyst loading) in a fresh electrolyte to monitor the extent of 
dealloying and to obtain stabilized voltammograms. The electrochemical measurements 
of the core-shell electrode, after the pretreatment cycles, were carried out in a fresh 
electrolyte. 
4.2.2.3. Electrochemical quartz crystal nanobalance measurements (EQCN) 
The in situ mass measurements were performed with the EQCN setup (Section 
2.3.3). A flow cell with a 7.9 MHz sensor and/or a batch cell with a 5 MHz sensor were 
used for the measurements as reported in Table C.1. The amount of adsorbed 
intermediate on the electrode surface was obtained from combined CV and EQCN 
measurements (Section 2.3.4). 
4.2.2.4. Accelerated degradation tests 
The catalysts were cycled under different test conditions as described in section 
2.3.9. The tests as a function of the upper potentials were carried out at 0.5 V s
-1
 between 
0.4 and EH (EH: 0.7 to 1.3 V) for 500 cycles. The potential cycling tests were carried out 
at 1.0 V s
-1
 between 0.4 and 1.3 V, for n cycles. (n: 500 to 15000 cycles).   Sample 
solutions were collected at the end of each experiment, and the amount of dissolved metal 
species in solution was determined by ICP-MS (Section 2.2.5). ORR activity 
measurements (Section 2.3.7) were carried out before and after each degradation test to 
measure the change in catalyst performance with cycling.  
Accelerated degradation tests were also carried out by combined CV and EQCN 
as a function of cycling potential to measure the amount of surface oxide as a function of 
potential. The amount of surface oxide was measured before and after each test. 
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4.2.2.5. Determination of H2O2 intermediates 
The measurements were conducted in a three-compartment cell by using the 
RDE/RRDE electrode set-up with a potentiostat and rotation control (PINE instruments 
Inc.). The details are given in Sections 2.3.2 and 2.3.8.  
4.3. RESULTS AND DISCUSSION  
4.3.1. Structural/chemical characterization 
4.3.1.1. EDS, ICP and TGA analyses 
Bulk compositions determined by EDS and ICP analyses are reported in Table 
4.1. The metal loading from TGA analysis was found to be 40 wt.%.   
4.3.1.2. XRD analysis 
Figure 4.1 compares the XRD patterns of the catalyst samples. All the peaks can 
be indexed with the f.c.c crystal structure except the XRD pattern of Pt3Sc/C, which 
shows superlattice reflections. The sharp Cu peaks in the XRD pattern of the Pt-Cu/C 
precursor catalyst indicates the presence of a pure Cu phase with a large particle size, 
which also form oxides as seen from the oxide peaks.  The lattice parameters obtained 





calculated with the equation SA = 6000/dρ assuming spherical particles, where d is the 
crystallite size in nm and ρ is the density of the alloy in g cm
-3
.  The Pt surface density 
(cm
-2
) and the degree of dispersion were calculated with the Benfield approximation for a 
spherical particle [50]. The values are given in Table 4.1 
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Figure 4.1: XRD patterns of the catalyst samples (* Copper oxide; ‡ superlattice 
reflections). 
4.3.1.3. TEM analysis 
The TEM images and the particle size distribution of the catalysts obtained from 
Gaussian models show that the catalyst nanoparticles have a spherical morphology 
(Figure 4.2). The average diameter of the catalyst nanoparticles calculated from an 
ensemble of 100 particles is given Table 4.1. It has been reported that there is no 
significant change in the particle size of the Pt-Cu/C catalyst before and after the 
dealloying process [51]. It has also been reported that size variations have negligible 
effect on the surface electronic properties of the Pt nanoparticles [52].
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Degree of dispersion 
Pt X (=Cu, Co, Sc) 
Pt black - - 2.65 ± 0.36 3.9081 107.4 1.05 x 10
15
 46.2 - 
Pt/C - - 3.27 ± 0.67 3.9146 87.0 1.01 x 10
15
 40.2 - 
Pt-Cu/C 
(precursor) 
Pt25Cu75 Pt25.0 Cu75.0 2.65 ± 0.31 3.7029 179.7 2.86 x 10
14
 11.2 33.7 
Pt3Cu/C(†) Pt75Cu25 - 2.65 ± 0.31 3.8469(‡) 121.7 7.89 x 10
14
 34.7 11.6 
Pt-Co/C Pt75Co25 Pt78.5 Co21.5 7.10 ± 1.09 3.8372 44.2 8.01 x 10
14
 15.4 5.2 
Pt3Sc/C Pt75Sc25 Pt75.3 Sc24.7 6.07 ± 0.12 3.9436* 67.8 7.60 x 10
14
 18.3 6.1 
* considering the disordered phase; † assuming Pt3Cu/C is the composition of the surface after dealloying [51]; ‡ calculated 
using Végard’s law for solid solution.
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4.3.2. Electrochemical characterization 
4.3.2.1. Voltammetric dealloying of the precursor Pt-Cu/C catalyst  
Figure 4.3b represents the cyclic voltammogram of the selective dealloying of the 
Cu rich Pt-Cu/C precursor. The catalyst is only cycled in the Cu-UPD region to avoid 
deposition of Cu back on the surface of the catalyst. Complete dissolution of the surface 
Cu atoms was confirmed by the stabilized voltammogram. The initial stage of the 
dealloying process shown in Figure 4.3a matches well with the reported theoretical plot 
[53]. The dissolution of pure Cu phases occurs near the Cu standard potential of 0.34 V. 
It has been reported that the dissolution at potentials close to 0.6-0.7 V is consistent with 
stripping Cu layers from pure Pt-Cu alloys [54, 55].  Dissolution of additional Cu atoms 
at potentials positive to the potential of oxygen reduction reaction may seem probable. 
However, the voltammogram of the dealloyed catalyst shown in Figure 4.5a closely 
resembles that of polycrystalline Pt, revealing the peaks of hydrogen 
adsorption/desorption and oxide formation/stripping regions, which is a key characteristic 
of the Pt surface electrochemistry. The schematic diagram of the core-shell structure is 
shown in Figure 4.3c.  
4.3.2.2. Understanding the EQCN response of the carbon-supported nanoparticles 
The combined CV and EQCN response for the carbon-supported Pt and Pt binary-
alloy catalysts are shown in Figures 4.4 and 4.5, respectively. The results have been 
compared with the CV and EQCN response of Pt electroplated on a gold-coated quartz 
sensor (Figure 4.4a). In an ideal EQCN response, desorption of H from the surface should 
show a mass decrease. However, there is a net mass increase in the H desorption region 
on unsupported Pt (Figure 4.4b). This mass increase is due to the adsorption of water 
(H2O) molecules on the Pt sites immediately following desorption of H from the sites  
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Figure 4.3: (a) Characteristic CV showing the initial stage of dealloying process, (b) 
voltammogram showing dealloying of the Pt-Cu precursor catalyst at 0.1 V 
s
-1
 between 0.5 and 1.0 V in 0.5 M H2SO4 at 25 
o
C, and (c) the schematic 
diagram of the core-shell catalyst. 
 [56]. For supported catalysts, the different wetting characteristics of the support and the 
metal catalysts results in a mass decrease in the H desorption region (Figure 4.4c). The 
reversibility of the H adsorption and desorption process is indicated by the uniform mass 
change in the H region. The adsorption of anions on the surface occurs in the double-
layer region after all the H has been desorbed from the catalyst surface. When the 
physisorbed H2O molecules are replaced by physisorption with sulfate or bisulfate ions in 
the double-layer region, the mass change will not be significant as seen for unsupported 
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Pt (Figure 4.4b). A continuous increasing trend in the EQCN response in the double-layer 
region occurs due to the specific adsorption of both anions and the H2O molecules. A 
narrow double-layer region is observed in cases of optimum wetting of the catalyst 
material. The double-layer region separates the HUPD and the oxide regions. Surface 
oxidation causes a further increase in mass in the oxide formation region. It has been 
reported that monolayer coverage of oxide species excludes further adsorption of anions 
and H2O molecules [57]. Studies on polycrystalline Pt (Chapter 3) also showed that the 
amount of chemisorbed species in the oxide region was not influenced by the adsorption 
of anions. The coverage is calculated from the ratio of the charge for the formation of 
oxide to the charge for hydrogen desorption and is given by QO/2QH when the surface 
species is oxide, and QOH/QH when hydroxyl species are adsorbed on the surface (Figure 
4.7). In this work, the oxide content has been obtained from the change in EQCN mass 
response during the CV to 1.2 V. Measurements were made at different upper potentials, 
(EH: 0.7 – 1.4 V). It was found that the mass-change obtained during the CV to 1.2 V was 
more reliable in terms of analyzing the amount of adsorbed intermediates on carbon-
supported catalysts. The charge in the oxide formation region was assumed to be entirely 
due to the chemisorbed oxides on the catalyst surface.  
4.3.2.3. Interfacial mass change 
The change in the interfacial mass (Δm) was calculated by using Equation (2.3). 
A summary of the data for the combined CV and EQCN response is given in the 
appendix (Table C.1). The electrochemical area was calculated from the charge density 
for H desorption as described in Section 2.3.5. The amount of adsorbed species, M, was 
calculated from the integrated charge density and the associated mass change over the 
potential range of oxide formation by using Equation (2.4). The results are summarized in
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Figure 4.4: Combined CV and EQCN response of: (a) electrodeposited Pt, (b) unsupported Pt (Pt black), and (c) Pt/C in 0.5 
M H2SO4 between 0.05 and 1.20 V at 50 mV s
-1






Figure 4.5: Combined CV and EQCN response of: (a) core-shell Pt-Cu/C, (b) Pt3Co/C, and (c) Pt3Sc/C in 0.5 M H2SO4 
between 0.05 and 1.20 V at 50 mV s
-1




Table 4.2. The amount of adsorbed species (M) in the oxide region was equivalent to 
approximately 8 g mol
-1
 of electrons passed for electroplated Pt and Pt/C catalyst. These 
results are in agreement with the work reported by Birss et al [58] and Jerkiewicz et al 
[49] for the formation of an anhydrous Pt oxide film. In the present work, the 
experiments were carried out on Pt nanoparticles whereas most of the reported work has 
been with metallic Pt or Pt sputtered onto the working electrode. These results indicate 
that the Sauerbrey equation considered was valid for the experiments in this work. 
For the unsupported Pt, the change in mass in the oxide region was equivalent to a 
value of approximately 35 g mol
-1
 of electrons passed. This result indicates a mixture of 
PtO together with other species in Pt black [57, 58] on the surface of the catalyst. For 




The results obtained for the binary alloys studied here show that the oxide 
formation on Pt binary-alloy catalysts occurs via the formation of an initial hydroxyl 
layer followed by a subsequent deprotonation (Equations (4.4) and (4.5)). The surface 
oxide formation on Pt3Sc/C (M =25 g mol
-1
) indicates the adsorption of OH species 
besides the oxygen atoms (Equation (4.6)). This competition for adsorption of other 
species may be due to the difference in size between Pt (atomic radius: 1.77 Å) and Sc 











}). The bigger size of Sc introduces a tensile 
strain on Pt and electrons flow from Sc to Pt in an alloy. The strain argument was the 
result of calculations in which there was no change in the chemical composition by 
alloying. It was also seen from the XRD results that Pt3Sc/C showed superlattice 
reflections representing an ordering of Pt and Sc. Based on the experimental results, the 
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mechanism of adsorption of oxygen on the surface of different catalysts can be 
summarized as shown in Figure 4.6.  
Work function measurements (UV-PES measurements) of the catalysts were 
carried out to obtain a relation between the type of catalyst and the amount of surface 
oxide. The results are given in Figure C.1 (appendix C). The work-function values are 
seen to be dependent on the support and the size of the particle. No correlation could be 
obtained as the values were affected by the presence of the carbon support. 
Table 4.2: Oxide formation on the catalysts 






Pt- electroplated 8 Pt  + H2O  ↔ PtO  + 2H
+
          +   2e
-
  (4.1) 
Pt black 35 Pt  + H2O  ↔ PtO  + 2H
+
          +   2e
-
  (4.2) 
Pt/C 8 Pt  + H2O  ↔ PtO  + 2H
+
          +   2e
-
  (4.3) 
Pt-Cu/C – core-shell 17 Pt  + H2O  ↔ PtOH  +H
+
          +  1e
- 
  (4.4) 
Pt3Co/C 17 Pt  + H2O  ↔ PtOH  +H
+
          +  1e
-
   (4.5) 
Pt3Sc/C 25 
*Pt + 3H2O ↔ PtO.2H2O +2H
+
  +  2e
- 
  (4.6) 
(or PtO + PtOH) 




Figure 4.6: Schematic diagram of the surface oxidation on the catalysts: (a) and (b) Pt 
surface (high and low current densities, respectively) [7], and (c) Pt-alloy 
surface (Pt-Cu/C and Pt3Co/C) [18]. 
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4.3.2.4. Oxide coverage 
From the EQCN response, it is seen that the nature of the oxide and the oxide 
growth on the alloy catalysts (for elements inducing compressive strain on Pt) is different 
from that on the Pt catalyst. The interfacial mass change on the binary alloy catalyst 
proceeds via the formation of a hydroxyl intermediate, which accounts for 1 electron per 
surface site whereas the oxide growth on the pure Pt catalyst accounts for 2 electrons per 
Pt site resulting in the formation of PtO for which the coverage is less than unity at 1.1 V 
as seen from Figure 4.7. This behavior is a result of a modification of the properties of 
the surface Pt layers by the underlying metal, the effect of which has been found to be 
operative up to approximately 5 surface layers [59]. It is also reported that the rate of the 
ORR on a catalyst surface is limited by the removal of the adsorbed oxide intermediates 
on the surface [60]. The formation of hydroxyl intermediates shows that hydroxyl rather 
than oxide intermediates increase the ORR rates as reported [61] for the core-shell and 
binary alloy catalysts. 
 
Figure 4.7: Surface oxide coverage on the catalysts. 
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4.3.2.5. Accelerated degradation tests 
The durability tests were carried out to evaluate the performance of the catalysts 
under different operating conditions of the fuel cell. It has been reported that continuous 
cycling in the oxide formation-reduction region leads to higher degradation rates [43].  
The various losses and their causes are given below: 
 Loss in ECSAPt (equivalent to loss of active Pt surface sites) due to Ostwald 
ripening, particle migration, sintering, recrystallization/redeposition of particles, 
all of which result in bigger particles and loss of metal into the solution; 
 Mass loss in solution (Pt in solution) due to corrosion of carbon support and the 
metals, metal loss due to dissolution of surface oxide when the bond between the 
metal surface and the adsorbed oxide is stronger than the metal-metal interaction; 
 Performance loss (mass-activity loss equivalent to loss of Pt surface sites) due to 
larger particles, and fewer active sites; 
 Loss in half-wave potential (overpotential/voltage drop) due to resistance to the 
conduction of electrons and loss of carbon support. 
Increase in ECSAPt loss with lower concentration of dissolved Pt species indicates 
the increase in the particle size whereas a higher concentration of dissolved Pt species 
with a lower ECSAPt loss indicates the corrosion of carbon support and metal exposing 
new surface active sites for reaction with minimum growth in particle size. 
The degradation tests at different upper potentials provide information on the 
influence of the surface oxide on the dissolution rates as a function of potential (Figure 
4.8). Accelerated cycling at 1.3 V shows the durability of the catalysts in the dynamic 
PEFC environment (Figure 4.9). Comparison of unsupported Pt and Pt/C shows that the 
loss of active area is higher for the unsupported Pt catalyst than that of Pt/C. This loss is 
due to the higher rate of agglomeration and growth of the unsupported Pt nanoparticles 
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forming larger particles, which also results in a higher loss of mass activity (Figure 4.9b). 
The higher loss in the half-wave potential (Figure 4.9c) and increase in dissolved species 
(Figure 4.8b) of Pt/C indicates the corrosion of the carbon support. It is seen that the 
carbon support increases degradation losses. 
 
Figure 4.8: Change in the catalyst performance as a function of upper potential, EH: (a) 
change in ECSAPt, (b) mass loss (amount of species in solution), (c) amount 
of Pt and Cu in solution (core-shell Pt-Cu/C), and (d) amount of Pt and Co 
in solution (Pt3Co/C).  
The unalloyed catalysts showed a continued degradation with potential cycling. In 
the case of the alloyed catalysts, dissolution of the base metal (Figures 4.8c and 4.8.d) 
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was observed even though the overall degradation rate is lower than that of Pt. The 
results showed that the core-shell Pt-Cu/C had a lower rate of carbon corrosion, which 
could be due to the type of support (high-surface-area carbon) used to synthesize the 
precursor. Though monolayer oxide coverage is formed at potentials > 1.1 V, there is an 
increased Pt dissolution in this region as seen from the results of Figure 4.8. This loss 
indicates increased corrosion of the carbon support, which is catalyzed by surface 
oxidation on the catalyst. 
The Pt3Co/C alloy catalyst had a higher performance loss than Pt/C in the first 
500 cycles (Figure 4.9 b and c). The ECSAPt of Pt3Co/C initially increased with cycling 
(Figures 4.8a and 4.9a), but the amount of dissolved Co in the solution (Figures 4.8d and 
C.2) did not increase significantly with cycling at different potentials. These results 
indicate that there is no correlation between Co loss and the decrease in performance in 
the first 500 cycles, Figure 4.9, or the increase in the electrochemical area of the catalyst 
and the dissolution of the base metal as has been reported [62]. Based on the 
experimental results, it can be concluded that the Pt3Co/C catalyst undergoes corrosion of 
the carbon support and metal during the first 500 cycles. The increase in the 
electrochemical area with cycling indicates the resistance to sintering and growth in 
particle size for the Pt3Co/C alloy catalyst. To understand better the degradation behavior 
of the alloy catalyst and Co dissolution, more insight into the microstructure of the 
catalyst is required. It has been reported that in the region of 75 at. % Pt, the alloy can 
show ordering with the ordered phase being ferromagnetic at room temperature [63]. 
Magnetic measurements on Pt3Co/C showed a superparamagnetic behavior (1.56–1.57 
Bohr magneton, appendix C: Figure C.3), which indicates ordering of Pt and Co in the 
catalyst. A lower concentration of Co ions in the solution (Figure 4.8d) indicates that the 
surface Co atoms migrate into the alloy particle forming a Pt-rich shell during 
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Figure 4.9: Change in the catalyst performance as a function of potential cycling: (a) 
change in ECSAPt, (b) loss in mass activity at 0.85 V (inset: initial mass 
activity of the catalysts), (c) loss in the half-wave potential, and (d) typical 
ORR curve showing the direction of change in half-wave potential with 
degradation.  
electrochemical cycling. It has also been reported that the ordered structure forms a core-
shell structure during electrochemical cycling in an acid medium [64].  The core-shell 
would be favored by loss of surface Co and retention of Co in the bulk by ordering of the 
Co as a result of the strong anti-segregation energy of Co in a Pt host [65]. The catalyst 




Figure 4.10: Combined CV and EQCN response of the catalysts as a function of potential 
cycling in 0.5 M H2SO4 between 0.4 and 1.3 at 50 mV s
-1
: (a) Pt/C, and (b) 
Pt3Co/C. 
A study was carried out to evaluate the change in the coordination environment of 
the metal atoms with cycling and its influence on the type of surface oxide. The amount 
of adsorbed species (M) was monitored as a function of potential cycling. The combined 
CV and EQCN response for the accelerated degradation tests is shown in Figure 4.10. 
The EQCN response loop changes sign in the region of H adsorption on Pt and the loops 
are in the opposite direction in the region of oxide formation for the Pt/C catalyst after 
10000 cycles (Figure 4.10a).  The EQCN response of the Pt3Co/C catalyst does not 
change sign even after 10000 cycles (Figure 4.10b). The change in sign is due to a 
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roughening of the catalyst surface with accelerated degradation. The EQCN response 
indicates that the binary alloy catalysts are more stable under the operating conditions of 
the PEFCs. The absolute value of the adsorbed species (M) was the same before and after 
10000 cycles, i.e., approximately 8 g mol
-1
 (O) and 17 g mol
-1
 (OH), respectively, for 
Pt/C and Pt3Co/C catalysts. This value of M shows that the coordination environment of 
the catalysts does not change with cycling. The study also shows that the roughness of the 
electrode surface has a profound influence on the EQCN response. A rough surface 
retains electrolyte within the pores, which dissipates the vibration frequency causing a 
shift in frequency. 
4.3.2.6. Determination of H2O2 intermediates  
A study was carried out to identify the 4-electron vs. 2-electron mechanism for 
the ORR on the catalysts and to compare them with the amount of surface oxide. The 
results are shown in Figure 4.11. The efficiency for the collection-generation experiments 
was evaluated as described in Section 2.3.8 and the results are given in Figure 4.11a. The 
disk was scanned from 0.1 to 1.0 V at 10 mV s
-1
 while the ring was held at 1.2 V, the 
potential at which the oxidation of H2O2 was diffusion-limited on the surface. The results 
reported are for a rotation rate of 1600 rpm. The amount of H2O2 generated and the 
selectivity of the catalyst were determined by Equations (2.10) and (2.11), respectively. 
The results are dependent on the catalyst loading and electrode thickness, the values of 
which are given in Table 4.3. 
There was no significant change in the peroxide formation for the different 




Table 4.3: Details of catalyst film for H2O2 measurements 
Type of 
catalyst 
Catalyst loading, μg cm
-2
geo Film thickness, 
μm Pt C 
Pt black 225.76 0 0.435 
Pt/C 72.70 109.05 0.769 
Pt3Co/C 69.22 114.29 0.815 
 
 
Figure 4.11: (a) Collection efficiency of the catalysts as a function of the rotating speed, 
(b) change in amount of H2O2 collected at the ring electrode and the 
corresponding voltammogram of the H-region (the disk electrode was 
scanned from 0.1 to 1.0 V at 10 mV s
-1
and the ring electrode was held at 1.2 
V in 0.5 M H2SO4), and (c) selectivity of the catalysts. 
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from Figure 4.11b.  The highest value of the peroxide was seen in the HUPD region where 
the under-potential-deposited H makes it difficult to dissociate the adsorbed O2 molecule 
on the electrode. The mechanism for the ORR is close to the direct 4-electron-transfer 
reaction on the catalysts. It has been reported that the peroxide content decreases as the 
catalyst loading and film thickness increases [66].  
4.4. CONCLUSIONS 
The type and nature of the adsorbed oxide on the Pt catalyst and Pt alloy catalyst 
has been identified, respectively, as O and OH species. Although, this study correlates the 
nature of the adsorbed intermediates on the catalyst surface with the stress/strain 
introduced on the host metal (Pt) by the alloying elements (Cu, Co and Sc), it also 
correlates with the average strength of the Pt bonding with near-neighbor atoms; the 
competition of the catalyst M-M versus M-O bonding appears to be the more critical 
factor. In this study, we have shown that understanding the preformed surface oxides on 
the catalyst surface is important for predicting the mechanism of the ORR on the catalyst 
surface. The description of the surface oxide on a binary alloy can show the influence of 
the adsorbates on the durability of the catalyst surface as the extent of catalyst dissolution 
depends on the formation of Pt oxide (viz., O or OH) as seen from the results presented in 
this work. Also confirmed by the experiments is that the type of oxide remains 






Palladium (Pd) and Pd alloys are being explored as an alternative to the platinum-
based catalysts for use in low-temperature fuel cells (polymer electrolyte fuel cells –
PEFCs, direct methanol fuel cells – DMFCs and direct formic acid fuel cells – DFAFCs). 
Pd alloys are considerably less expensive than platinum. Pd-based catalysts also have 
high methanol tolerance as cathode catalysts for DMFCs in which the methanol crossover 
to the cathode significantly decreases the efficiency of the fuel cell.  
Pd forms compact surface oxides on anodic polarization as seen from the 
Pourbaix diagram [67].  These affect the electrode stability and limit the electron transfer 
kinetics of fuel-cell reactions. Several approaches have been attempted to resolve this 
problem and increase the activity of the catalysts towards oxygen reduction reactions 
(ORR). These include alloying Pd with other metals, thereby increasing the catalytic 
activity while maintaining a high tolerance to methanol crossover. 
In this section, Pd-based fuel-cell catalysts such as carbon-supported Pd 
nanoparticles and Pd binary-alloy nanoparticles synthesized by the polyol method are 
studied. The surface analysis by EQCN on the carbon-supported palladium-based 
nanoparticles is reported for the first time. Pd-alloy catalysts are compared against the as-
prepared Pd/C catalysts.  
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5.  Investigation of the surface phenomena on carbon-supported 
palladium-gold binary-alloy catalysts 
5.1. INTRODUCTION 
Palladium-gold (Pd-Au) alloys are often used as catalysts in a number of chemical 
and electrochemical reactions [68-70]. The catalytic properties of these alloys for 
different reactions, e.g., oxygen reduction [71] and oxidation of carbon monoxide [72] 
and methanol [73], and the electrochemistry of hydrogen absorption [74, 75] and surface 
oxidation [76, 77] on these alloys have been a subject of investigation for a long time. 
Recently, Pd-Au catalyst particles on different supports have found much use in low-
temperature fuel cells [78, 79]. Not much has been reported on the interfacial changes on 
these catalysts during the different electrochemical reactions, especially in the potential 
range of surface oxidation of these catalysts. Using different experimental techniques to 
study the oxide formation on Pd-based catalysts, several authors have suggested the 
formation of PdOH as the first step of the oxidation of Pd in both acidic and basic 
medium [80-82] based on the mechanism of oxidation of platinum (Pt) proposed by 
Conway [28]. However, detailed investigation of the Pt surface by nanogravimetry 
measurements proved this mechanism is invalid on Pt [58, 49]. 
Palladium (Pd) alloyed with other metals exhibits unique physical and chemical 
properties that are different from those of the pure metals. Several types of synergistic 
effects have been reported for these Pd alloys [83, 84]. Gold, by itself, is not a good 
catalyst. However, when alloyed with Pd, it changes the activity and selectivity of Pd 
catalysts [85]. Au has a high electronegativity, high work function [22], and a larger 
lattice constant than Pd. It also has negative segregation energy (moderate) when used as 
a solute in a Pd host [65]. 
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The primary objective of this study is to understand the effect of alloying Pd with 
the noble metal Au on the surface phenomena (surface oxidation) of the binary alloy 
catalyst nanoparticles. Electrons flow from Pd to Au when they form an alloy as the work 
function of Pd is lower than that of gold. The resultant work function of the alloy is 
higher than that of pure Pd. The electronic structure may also be affected by the 
differences in the atomic sizes of these atoms in the alloy and the surface compositions 
(due to difference in segregation energy). In this study, we determine the influence of the 
ligand effect (electronic modification) in the alloy on the type and amount of adsorbed 
species during the surface oxidation of the alloy catalyst by using a surface-sensitive 
technique to measure the interfacial mass changes. Further, study is carried out to analyze 
the durability of the catalyst nanoparticles as a function of the adsorbed oxide.  
In this work, we present results on the surface phenomena of carbon-supported 
Pd3Au binary alloy catalysts. The catalysts for this study were synthesized by the easily 
scalable polyol reduction and were characterized by different techniques described in 
Chapter 2. The results of this investigation help us to understand the effect of the degree 
of alloying on the surface oxidation and the stability of the alloy catalysts. 
5.2. EXPERIMENTAL METHODS 
5.2.1. Catalyst synthesis   
Carbon-supported Pd3Au catalysts with a 40 wt. % metal loading were 
synthesized by the polyol method. In a typical experiment, 125 mg of carbon black was 
dispersed in 48 mL of ethylene glycol by ultrasonication and magnetic stirring. The pH of 
the solution was adjusted by drop-wise addition of 16 mL of 1 M NaOH (in ethylene 
glycol) to obtain a final concentration of 0.12 M NaOH. Palladium (Pd) and gold (Au) 
metal precursor solutions were prepared by dissolving the metal salts separately in 
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ethylene glycol to obtain 0.012 M Pd and 0.006 M Au salt solutions, respectively. 
Sodium tetrachloropalladate (Na2PdCl4, Pd precursor) and auric chloride (HAuCl4.3H2O, 
Alfa Aesar) were used as the metal precursor salts. The EG to precursor ratio was 
maintained at 0.7 (approx.). The precursor salt solutions were added drop wise to the 
carbon-ethylene glycol dispersion and heated to 150 
o
C for 2 hours under continuous 
stirring. The synthesis was carried out under an inert atmosphere by continuous purging 
of the solution with ultrapure nitrogen gas (N2). After cooling the polyol solution, the 
supported catalysts were filtered, washed with ultrapure water (≥ 18.2 MΩ.cm), and dried 
overnight in a vacuum oven. The as-prepared catalyst nanoparticles are hereafter referred 
to as Pd3Au/C-as.  The catalyst samples were further heated in a tube furnace under a 









C, respectively, for 2 hours. The heat treated samples are, hereafter designated 
as Pd3Au/C-200 and Pd3Au/C-300, respectively. For a comparison, a Pd/C catalyst was 
also prepared by a similar procedure and is denoted as Pd/C-as. The details of the polyol 
method are given in Section 2.1. 
5.2.2. Structural/chemical characterization 
Bulk metal compositions were determined with an SEM-EDS (JEOL-JSM5610) 
scanning electron microscope as described in Section 2.2.2. The metal loading in the 
carbon-supported catalysts was determined by TGA as described in Section 2.2.3. The 
near-surface composition was determined by X-ray photoelectron spectroscopy 
measurements as given in Section 2.2.6. The structural characterization of the catalysts 
was carried out with a Philips 3520 X-ray diffractometer as described in Section 2.2.1. 
Particle size distribution was determined with a JEOL 2010F TEM as described in 
Section 2.2.4.  
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5.2.3. Electrochemical characterization 
5.2.3.1. Preparation of catalyst ink and electrode 
The catalyst inks were prepared by mixing a known amount of the catalyst 
powder in 5 wt. % Nafion solution and 2-propanol-water mixture as described in Section 
2.3.1. 60 µL of the homogeneous ink was drop-cast onto the gold-coated quartz crystal 
sensor (5 MHz) with a geometric area of 1.37 cm
2
 and allowed to dry at room 
temperature. The method of ink preparation was the same for all the catalyst materials 
being studied. The thickness of the dry-cast film was maintained less than 0.5 µm. The 
details of the cast electrodes are given in Table 5.1. 
Table 5.1: Ink loading for different catalysts 
Catalyst 
Loading level, µg cm
-2
 Thickness 




film) C PGM Metal 
Pd/C – as 50 34 34 0.37 21.45 
Pd3Au/C – as 60 26 40 0.43 21.45 
Pd3Au/C – 200 56 24 37 0.41 22.83 
Pd3Au/C – 300 58 25 39 0.42 22.12 
5.2.3.2. Cyclic voltammetry (CV) 
The electrochemical characterization was carried out by cyclic voltammetry (CV) 
as described in Section 2.3. 
5.2.3.3. Electrochemical quartz crystal nanobalance measurements (EQCN) 
The in situ mass measurements were performed with an EQCN setup as described 
in Section 2.3.3. A batch cell with a 5 MHz sensor was used for the measurements. The 
capacitance cancellation adjustment was performed with the crystal (electrode) in the 
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actual solution used for electrochemical measurements and under a potential hold 
condition. 
The amount of adsorbed intermediate on the electrode surface was obtained from 
the combined CV and EQCN measurements for the potential cycling. The details are 
given in Section 2.3.4. 
Accelerated degradation tests were carried out by cycling the electrodes between 
0.4 and 1.24 V at 100 mV s
-1
 for 150 cycles. The amount of surface oxide was measured 
before and after cycling by the combined CV and EQCN measurements for a potential 
cycling of 0.4 to 1.24 V at 50 mV s
-1
.  
5.3. RESULTS AND DISCUSSION  
5.3.1. Structural/chemical characterization 
5.3.1.1. EDS and TGA analysis 
Bulk compositions determined by EDS and TGA are reported in Table 5.2 and are 
comparable with the nominal composition based on the stoichiometric amount of 
precursor salts taken for synthesis. The extent of alloying can be seen from the EDS line 
scans and the TGA curves given in the appendix (Figure D.1). The alloy density (ρalloy) in 
g cm
-3
 was calculated as given by Equation (2.2).  
















Pd/C - - 39.4 12.023 
Pd3Au/C Pd75Au25 Pd77.7 Au22.3 35.5 13.836 
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5.3.1.2. XPS  analysis 
The XPS spectra to determine the near-surface characteristics of the catalysts are 
shown in Figure 5.1 and the fitted spectra of the different catalysts are shown in Figure 
5.2. The elemental quantification is obtained from the peak intensities (peak area). The 
peak with the largest peak area is chosen for the elemental quantification. The most 
intense peak for Pd was the Pd 3d5/2 signal. However, this had an interference with the Au 
4d signal. The most intense peaks of Pd (Pd 3d3/2) and Au (Au 4f7/2) without interferences 
were chosen to quantify the surface composition of the alloy catalysts.  The relative 
sensitivity factors (R.S.F) were adjusted accordingly to include one peak of the doublet 
pair for elemental quantification (Au 4f7/2, 3.5714; Pd 3d3/2, 2.1424). 
The Au 4f XPS spectra, as shown in Figure 5.1a, indicated the presence of Au
o
 
species (doublet pair). It is seen that the Au 4f BE shifted to lower values as the 
temperature increases. The standard peak for the pure Au metal is 84 eV (Au 4f7/2) [36]. 
This decrease in the Au binding energy for the Pd3Au/C alloy suggests electron transfer 
from Pd to Au, which is related to the electronic interaction (due to the difference in the 
work function of the pure metals) and the alloy formation. The XPS spectra of Pd, as 
shown in Figures 5.1b, indicates the doublet pair of elemental Pd (Pd
o
) and different 
chemical states (from shape of the spectra). It is seen that the Pd 3d binding energy 
values do not shift significantly for the different catalysts (BE of Pure Pd: 340.36 eV (Pd 
3d3/2)) [36]. However, there is a change observed in the shape of the spectra as the heat 
treatment temperature is increased, suggesting changes in near-neighbor composition of 
the different chemical states of Pd. The ratio of Au-to-Pd peak intensities (Figure 5.1c) as 
a function of the heat-treatment temperature suggests a mixing of Au with Pd at higher 
temperature. The binding energy values of the Au and Pd peaks as a function of 
temperature are shown in Figure 5.1d. 
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Figure 5.1: (a) XPS spectra of Au 4f, (b) XPS spectra of Pd 3d, and (c) ratio of peak 
intensity of Au 4f7/2 and Pd 3d3/2. 





Pd, (3d3/2), relative at. % 
Pd
o
 Pd-Oads PdO (Pd
2+
) 
Pd3Au/C – as 16.90 39.45 10.35 33.3 
Pd3Au/C – 200 21.62 51.4 19.5 7.48 
Pd3Au/C – 300 22.41 47.57 24.74 5.28 
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Figure 5.2: Core-level XPS spectra with the deconvolution fits: (a) Au 4f region, and (b) 
Pd 3d region, the open circles indicate experimental data. 
The chemical states of the components can be identified from the deconvoluted 
core-level (Figure 5.2) XPS spectra of Au 4f and Pd 3d. In Figure 5.2a (Au 4f), the peaks 
correspond to Au
o
 (elemental Au) and Au-2O3 [86].  The three peaks in the Pd spectra 
(Figure 5.2b) correspond to Pd
o
 (elemental Pd), Pd-Oads, and Pd
++
 (PdO), respectively 
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[86]. From XPS analysis, it can be seen that all the oxidized Pd atoms in the as-prepared 
sample were reduced in H2 at 300 
o
C. Also, the difference in the state of Pd atoms before 
and after high temperature treatment shows that the Pd atoms were located on the surface, 
probably in ensembles, in the as-prepared catalysts. The relative compositions are 
summarized in Table 5.3. The survey scans are shown in Figure D.2 (appendix D). 
5.3.1.3. XRD analysis 
Figure 5.3 compares the XRD patterns of the Pd3Au/C and Pd/C samples prepared 
by the polyol method before and after heat treatment at various temperatures under a 
reducing atmosphere. All the peaks can be indexed with the f.c.c crystal structure. The 
absence of impurity peaks indicates the formation of a pure single-phase disordered Pd-
Au binary alloy. This observation confirms the miscibility of Pd and Au as seen in the 
binary phase diagram [87] for the atomic ratio considered in this paper. As the heat-
treatment temperature increased, the peaks were located closer to the Pd Bragg lines. 
From the Williamson-Hall analysis for the Pd3Au/C samples, as prepared and heat 
treated at 200 
o
C and 300 
o
C, the microstrain involving local lattice distortions was found 
to be, respectively, 0.034, 0.049 and 0.013. The average crystallite size, calculated from 
the Scherrer’s formula increased with increasing temperature. The d-spacing, as obtained 
for the (220) peaks, decreased with increasing temperature, which corresponds to a 
reduction of the lattice parameter indicative of the progressive replacement of the larger 
Au atoms (atomic radius: 1.74 Å) in the f.c.c crystal structure by the smaller Pd atoms 
(atomic radius: 1.69 Å). The increased alloying with increasing temperature is confirmed 
by the negligible difference between the observed (a = 3.9277 Å, Pd3Au/C-300) and 
calculated (a = 3.9326 Å, Végard’s law for a continuous substitutional solid solution) 
values of the lattice parameter for the alloy catalyst. The fraction of Au (x) in the lattice 
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was calculated with Equation (2.1). A uniform metal loading (40 wt.%) was maintained 
for all catalysts to ensure a uniform effect of the carbon support on alloying. The particle 




, was calculated with the equation, SA = 6000/dρ, assuming 
spherical particles, where d is the crystallite size in nm and ρ is the density of the Pd-Au 
alloy in g cm
-3
.  The Pd surface density (cm
-2
), number of surface atoms and total number 
of atoms in a particle, were calculated with the Benfield approximation for a spherical 
particle [50]. It has been reported that icosahedral and cuboctahedral particles can be 
approximated as quasispherical particles. The particle surface area decreased and the Pd 
surface-atom density increased with increasing temperature owing to an increase in the 
crystallite size. The degree of dispersion of Pd was essentially complete in the Pd3Au/C-
300 catalyst. All the values are given in Table 5.4. 
 
Figure 5.3: XRD patterns of the catalyst samples with the expected positions of Pd 
(111) and Au (111) peaks. 
 97 
Based on the analysis of XPS and XRD, the catalysts could be categorized as 
having a surface with blocks of Pd in the Pd3Au/C-as and Pd randomly distributed in the 
Pd3Au/C-300 samples as shown in Figure 5.4. 
 
 
Figure 5.4: Schematic diagram illustrating the elemental distribution in the (a) Pd3Au/C-
as and (b) Pd3Au/C-300 samples. 
5.3.1.4. TEM analysis 
The TEM images and the particle size distribution of the catalysts obtained from 
Gaussian models are shown in Figure 5.5. As seen, the synthesized particles have 
predominantly a spherical morphology. The evaluation of the diameter of the catalyst 
nanoparticles from an ensemble of 100 particles indicate an average particle size value of 
3.90 and 4.25 nm, respectively, for the Pd3Au/C-as and Pd3Au/C-300 samples with a 
wide size distribution for both catalysts. The size distribution between the as-prepared 
and heated samples is comparable with that obtained from XRD (Table 5.4). 
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Figure 5.5: (a) and (b) TEM images, and (c) and (d) particle size distributions of 
Pd3Au/C-as and Pd3Au/C-300 samples, respectively. 
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Table 5.4: Data obtained from XRD and TEM analysis of the Pd3Au/C and Pd/C catalysts 
Catalyst 
Crystallite 






























6 ± 1 - 3.8914 1.3744 - 99.81 1.03 x 10
15
 28.3 - 
Pd3Au/C 
– as 
3 ± 1 
3.90 
(0.62) 
4.0310 1.4247 0.76 144.55 6.68 x 10
14
 33.7 11.2 
Pd3Au/C 
– 200 
3.5 ± 1 - 3.9524 1.3964 0.33 123.90 7.07 x 10
14
 29.5 9.9 
Pd3Au/C 
– 300 
4 ± 1 
4.25 
(0.77) 
3.9277 1.3881 0.20 108.41 7.34 x 10
14
 26.0 8.7 
Surface atom density and the degree of dispersion were calculated assuming the composition on the surface to be the same as 
that in the bulk.
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5.3.2. Electrochemical characterization 
5.3.2.1. Electrochemical behavior of Pd-based electrodes 
A typical voltammogram for the Pd3Au/C electrode cycled between 0.05 and 1.24 
V at 50 mV s
-1
 in 0.5 M H2SO4 (pH = 0.3) is shown in Figure 5.6a. In the hydrogen 
region, H absorption/adsorption and subsequent desorption take place; and in the oxide 
region, surface oxide formation and reduction occur. The different reactions in the 
hydrogen and oxide regions of a palladium electrode as given in the Pourbaix diagram 
[67] are summarized in Figure 5.6b. It is seen from the Pourbaix diagram [67] and Figure 
5.6b that hydrogen dissolves into Pd forming α (solid solution of H in Pd) and β (non-
stoichiometric metal hydrides) phases [88]. In such cases, it becomes difficult to 
differentiate between HUPD and Habsorbed. Therefore, the determination of the real surface 
area of Pd is not as straightforward as that of Pt, which involves the determination of the 
charge associated with monolayer coverage of hydrogen on the Pt surface (HUPD). It also 
becomes important that the Pd electrode is not cycled into the hydrogen region to avoid 
bonding changes being introduced into the electrode due to hydrogen absorption. The Pd 
catalysts in this study were cycled in the range of 0.4 to 1.24 V. The voltammograms 
were recorded within the potential limits of Pd and not extended into the region of Au. It 
is also seen that several competing reactions (viz., surface oxidation, dissolution of metal, 
dissolution of surface oxide) occur in the oxide region on Pd (Figure 5.6b) [67].   A mass 
loss was seen between consecutive cycles during the CV of the alloy catalyst as shown in 
Figure 5.7 though no noticeable changes were seen in the corresponding voltammograms. 
This observation indicates that the catalyst surface undergoes dissolution during 
electrochemical cycling. A typical EQCN response of a Pd-based electrode with regions 
of mass-change is shown in Figure 5.8. It is seen that during the anodic scan there is a 
 101 
loss of mass after the onset of oxide formation on the surface. The mass loss represents 
the presence of surface oxide that undergoes chemical dissolution when in contact with 
the protons in the acidic solution, leading to a mass decrease in the potential range of 0.88 
to 1.0 V as reported in the Pourbaix diagram [67].  Surface oxidation continues during the 
anodic scan. Reduction of the surface oxide occurs during the potential reversal. A mass 
gain is seen in the potential range of ~ 0.67 to 0.4 V during the reduction of the surface 
oxide. The mass gain is due to the partial redeposition of metal ions from the electrolyte 
(reactions given in Figure 5.6b). It is also seen from the Pourbaix diagram that the 
deposition of the ions is a function of the concentration of the ions in the solution. 
 
Figure 5.6: (a) Typical cyclic voltammogram of Pd3Au/C-300 catalyst in 0.5 M H2SO4, 
between 0.4 and 1.24 V at 50 mV s
-1
 and 25 
o
C, and (b) different reactions 
occurring on the surface of Pd as given in the Pourbaix diagram [67]. 
 102 
 
Figure 5.7: (a) Typical CV and EQCN response of Pd-based catalyst (Pd3Au/C-as) in 
0.5 M H2SO4 between 0.4 and 1.24 V at 50 mV s
-1




Figure 5.8: (a) Typical EQCN response showing different regions in the interfacial mass 
change on Pd-based catalyst (Pd3Au/C-as) in 0.5 M H2SO4. 
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5.3.2.2. Determination of real surface area 
The common method of measurement of the real surface area of a Pd electrode 
involves a measurement of the charge density associated with the reduction of a 
monolayer of palladium oxide. The voltammograms for the samples being studied are 
shown in Figure 5.9a. The theoretical charge density of the reduction of the monolayer of 
oxide was considered to be 420 µC cm
-2
. However, dissolution of Pd (Figure 5.6b) occurs 
in the region of stripping of a monolayer of PdO. Hence, these measurements are an 
approximate measure of the real surface area of the electrode. The electrochemical active 
area (ECSAPd) of the catalyst samples is shown in Figure 5.9b. The active area decreased 
with an increase in the heat-treatment temperature. The trend was similar to that analyzed 
by XRD (Table 5.4, surface area and degree of dispersion). The real area of the Pd3Au/C-
as samples was comparable to that of Pd/C-as samples. 
 
Figure 5.9: (a) CVs of Pd3Au/C-as, Pd3Au/C-200 and Pd3Au/C-300 compared with 
Pd/C-as in 0.5 M H2SO4 between 0.4 and 1.24 V at 50 mV s
-1
 and 25 
o
C, 
and (b) electrochemical active surface area (ECSAPd) of the different 
catalysts measured from the oxide reduction area. 
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5.3.2.3. EQCN response of the Pd3Au/C alloy catalysts 
The combined CV and EQCN response for the Pd3Au/C and Pd/C samples are 
shown in Figure 5.10. In the anodic scan, the mass increased with potential. The initial 
increase in mass in the double-layer region is due to the physisorption of anions and/or 
water molecules (H2O) on the carbon-supported catalysts as has been reported [51]. 
Adsorption of electrolyte together with surface oxidation causes a further increase in 
mass in the oxide-formation region. Studies carried out on polycrystalline platinum and 
previously reported work [51] on carbon-supported platinum-based catalysts under 
similar conditions have shown that the effect of adsorption of anions and water is 
insignificant at an upper potential ≥ 1.2 V. In this work, the amount of oxide formed has 
been obtained from the change in EQCN mass response during CV to 1.24 V. The 
coulomb charge and mass change in the oxide formation were assumed to be entirely due 
to chemisorbed surface oxides on the catalysts. A decrease in mass during the anodic 
scan in the potential range of 0.88 to 1.0 V was observed for the Pd3Au/C-as catalyst due 
to the presence of excess surface adsorbates. Detailed analysis of the sample showed a 
mass loss of approximately 40–50 ng cm
-2
 (Figure 5.11). In the cathodic scan, the mass 
decreased in the oxide region as the surface oxides were reduced. However, a mass gain 
was seen for the Pd3Au/C-as catalyst at the end of reduction of surface oxide in the 
potential range of ~ 0.67 to 0.4 V. The chemical dissolution of the initial excess surface 
adsorbates on the Pd3Au/C-as catalyst during the anodic scan increased the concentration 
of soluble ions, which contributed to the redeposition of the metal ions on the surface. 
The mass gain for the Pd3Au/C-as samples was observed to be approximately 90 ng cm
-2
 
(Figure 5.11). The mass loss between the consecutive cycles (Figure 5.12) was the least 
for the Pd3Au/C-300 alloy catalyst, which indicates the increased stability of the Pd-Au  
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Figure 5.10: Combined CV and EQCN response in 0.5 M H2SO4 between 0.4 and 1.24 V 
at 50 mV s
-1
 and 25 
o
C: (a) Pd3Au/C-as, (b) Pd3Au/C-200, (c) Pd3Au/C-300, 
and (d) Pd/C-as. 
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binary alloy on higher degree of alloying with increasing temperature. This measurement 
also shows the sensitivity of the EQCN measurement. 
 
Figure 5.11: EQCN response of Pd3Au/C-as in 0.5 M H2SO4, showing the regions of 
mass loss during anodic surface oxidation and mass gain during the 
reduction of the surface oxide. 
 
Figure 5.12: Change in mass between consecutive CV cycles for Pd3Au/C-as, Pd3Au/C-
200, and Pd3Au/C-300 samples. 
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5.3.2.4. Interfacial mass change 
The change in the interfacial mass was calculated with Equation (2.3). The 
summary of the data for the combined CV and EQCN response is given in the appendix 
(Table D.1). The comparison of the values observed during oxide formation and 
reduction are given in the appendix (Figures D.3 and D.4). The change in mass (δΔm) is 
a direct measure of the surface characteristics of the catalysts. The difference between 
mass-change during oxide formation and reduction of the oxide indicates the extent of 
surface modification. This mass-change decreases from 670 ng cm
-2 
for Pd3Au/C-as to 
170 ng cm
-2 
for Pd3Au/C-300 (Table 5.5). This decrease shows that the dissolution of the 
surface is reduced and the catalyst becomes more stable as the temperature of heat 
treatment increases. 
The amount of adsorbed oxide, M, on the samples (Table 5.5) was calculated with 
Equation (2.4). The values were 11.23 (Pd/C-as), 15.84 (Pd3Au/C-as), 25.81 (Pd3Au/C-
200) and 10.28 (Pd3Au/C-300) g mol
-1
 of electrons.  The molar mass for an oxide layer 
(O) adsorbed on the surface is 8 g mol
-1
 per electron (Table A.4). From the values 
reported above, it is seen that the surface oxidation on the Pd/C-as and Pd3Au/C-300 
catalysts is via the formation of O involving a 2-electron transfer. The surface oxidation 
on the Pd3Au/C-300 sample is written, primarily, as: 
Pd + H2O  ↔ PdO  + 2H
+
   +   2e
-
                                          (5.1) 
A similar equation can be written for the Pd/C-as sample (the different possible 
reactions for surface oxidation of Pd/C are given in Chapter 6). The experimental results 
in this work support the density function theory (DFT) calculations by Chen et al [89]. 
They showed that Pd-O is the energetically favorable oxide on a Pd-Au alloy and 
reported that the shortest bond length for Pd-O was observed when the fraction of Au in 
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the alloy was 0.25. Their results suggest that Pd-O was the strongest bond formed with 
largest hybridization between Pd and O energy states. 
It has been reported that the highest oxidation state of a metal is formed in the 
potential region of anodic evolution of oxygen (E
o
OER) [90]. In this work, a CV was 
carried out over a potential range well below E
o
OER and the formation of Pd (IV) oxides is 
not considered. 
 
Figure 5.13: Change in frequency (Δf) vs Charge (Q) for a single potential cycle of 
Pd3Au/C-300, and the corresponding potential range and electrochemical 
equivalents for each of the linear segments marked as regions 1, 2, 3, and 4. 
Figure 5.13 shows the frequency–charge relationship for the Pd3Au/C-300 
sample. Different linear segments are marked on the plot and the corresponding 




) for each of the linear segment is shown in the 
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figure. The electrochemical equivalent was calculated with Equation (2.4). Comparison 
of these values against the calculated values for the expected reactions (Table 5.6) shows 
that a combination of reactions occurs on the surface of the electrode in the potential 
range considered in this study. 
It is also seen from Figure 5.14 that the hydrogen region is modified by alloying 
Pd with Au. Further study is needed to understand the stress induced into the alloy 
surface by the adsorption and absorption of hydrogen into the lattice. 
 
Figure 5.14: (a) CV of Pd3Au/C-as, Pd3Au/C-200 and Pd3Au/C-300, compared with 
Pd/C-as in 0.5 M H2SO4 between 0.05 and 1.24 V at 50 mV s
-1
 and 25 
o
C, 
and (b) enlarged view of the hydrogen region of the CVs. 
Experiments were also carried out at 20 mV s
-1
 for the Pd3Au/C-300 catalyst 
samples (appendix D: Figure D.5a).  The results were comparable to that reported for a 
scan rate of 50 mV s
-1
. 
The experiments carried out in a solution saturated with oxygen also showed 
results comparable with those carried out in an argon purged solution for Pd3Au/C-300 
catalyst (appendix D: Figure D.5b). The results are given in the appendix (Table D.1). 
These experiments confirm that the surface of the catalyst interacts with O-containing  
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Pd/C – as 11.23 3.23 25.96 17.96 2.31 1.64 472 
Pd3Au/C – as 15.84 7.84 39.16 31.16 2.47 1.73 670 
Pd3Au/C – 200 25.81 17.81 66.61 58.61 2.58 1.67 545 
Pd3Au/C – 300 10.28 2.28 27.82 19.82 2.71 1.61 167 
Table 5.6: Summary of reactions occurring on the surface of the Pd3Au/C electrodes with expected mass response 
Reaction 




















Pd  + H2O      ↔ PdO  + 2H
+
   +   2e
-
 Mass gain Mass loss 8 Pd
++
   : 106.42 634 
Pd
++
  + H2O ↔ PdO  + 2H
+
     Mass loss Mass loss - Pd      : 106.42 - 
Pd                  ↔ Pd
++
               +   2e
-
 Mass loss Mass gain 53.21 PdO   : 122.42 551 
Pd
++
+ 2H2O  ↔ PdO2  +4H
+
    +  2e
-
 Mass gain Mass loss 16
*
  PdO2 : 138.42 717 
Mass response of interest Mass gain Mass loss    
* if Pd
++
 stays on the electrode surface in the specific-adsorbed region; those italicized are the EQCN responses that are 
not expected for the particular scan. (Reactions taken from Pourbaix diagram) [67]. 
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species (H2O) present in the solution and forms an oxide layer as the reaction progresses 
irrespective of the partial pressure of oxygen in the solution. Similar behavior was 
observed during the surface oxidation of polycrystalline Pt in different electrolytes and 
Ar/O2 saturated solutions (Chapter 3). 
5.3.2.5. Accelerated degradation tests 
The combined CV and EQCN response before and after the accelerated 
degradation tests for Pd3Au/C-as and Pd3Au/C-300 catalysts are shown in Figure 5.14. 
The comparisons of the results are shown in Figure 5.15. The data are summarized in 
Tables 5.7 and D.2. From the results (Table 5.7), it is seen that there is a decrease in the 
charge density (equivalent to the surface density of Pd atoms) of the catalysts after the 
tests, which indicate the loss of active Pd sites on the catalyst surface. The charge density 
of the Pd3Au/C-as catalyst decreased by 80 % whereas that of the Pd3Au/C-300 catalyst 
decreased by only 56 % after the tests. The degradation tests show that the extent of 
alloying and mixing of Au with Pd is important in the stabilization of the surface atoms. 
The EQCN response of the Pd3Au/C-as catalyst after the degradation showed a 
continuous increase in the mass during the anodic scan. The accelerated degradation also 
resulted in the dissolution of the different chemical states of Pd3Au/C-as, which removed 
the initial surface oxide. The EQCN response shows that the amount of active Pd sites 
decreased with the degradation test, thereby reducing the amount of surface oxide. The 
interfacial mass change (M, g mol
-1
, Table D.2) calculated for the catalysts after the 
degradation tests indicate the mass contribution due to different competing reactions.  
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Figure 5.15: Combined CV and EQCN response of Pd3Au/C-as and  Pd3Au/C-300 before 
and after accelerated degradation tests in 0.5 M H2SO4 between 0.4 and 1.24 
at 25 
o






Figure 5.16: Comparison of electrochemical behavior before and after accelerated 
degradation tests: (a) Change in charge density and amount of adsorbed 
mass on Pd3Au/C-as and Pd3Au/C-300 during oxide formation, and (b) 
change in charge density, amount of adsorbed mass, molar mass of the 





Table 5.7: Change in the surface characteristics (%) after accelerated degradation tests 
Catalyst 

















Pd3Au/C – as  80.28 83.88 84.96 77.64 
Pd3Au/C – 300  56.13 54.35 59.28 52.59 
5.4. CONCLUSIONS 
The electrochemical behavior of the surface of carbon-supported Pd and Pd3Au 
alloy nanoparticles synthesized by the polyol method followed by heat treatment at 
different temperatures has been analyzed by combined CV and EQCN measurements. In 
this study, we have shown that heat treatment of the alloy to a minimum of 300 
o
C is 
essential to form a randomly distributed alloy composition with increased durability. The 
type and nature of the principal adsorbed oxide on the alloyed catalyst (Pd3Au/C-300) has 
been identified as O. The study showed that formation of a surface oxide does not affect 
the durability of the heat treated Pd-Au binary alloy. The charge transfer between Pd and 
Au atoms in the randomly distributed composition of the alloy increases the durability, 
showing that the Au atoms have an ability to stabilize the surface Pd atoms. The amount 
of adsorbed species on the surface of the catalyst was independent of the partial pressure 
of oxygen.  
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6.  Electrochemical behavior of carbon-supported palladium-platinum 
binary-alloy catalysts in low-temperature fuel cells 
6.1. INTRODUCTION 
The platinum group metals (PGM) are considered good candidates for use as 
cathode catalysts from the viewpoint of the ORR catalytic activity and stability in low-
temperature fuel cells. Among the PGM, it has been reported that both Pd and Pt have a 
four-electron pathway for the oxygen reduction reaction [91, 92]. It has also been 
reported that Pd has no catalytic activity for methanol oxidation in an acid medium [93, 
94], which makes it a good ORR selective catalyst for low-temperature fuel cells 
operating on a liquid fuel such as methanol (e.g., Direct methanol fuel cells, DMFCs). 
Although, Pd has a high tolerance to methanol oxidation, its activity for the ORR in a 
methanol-free electrolyte is significantly lower than that of a Pt catalyst. Methanol 
crossover from the anode to a Pt cathode is a major problem in the DMFCs; the reaction 
of methanol with Pt blocks the ORR. Much work has been carried out to enhance the 
ORR activity of the catalysts in the presence of methanol to improve the overall 
performance of the DMFCs. The recent developments include the synthesis of Pd-based 
binary alloy catalysts and catalysts with a Pt/Pd-monolayer [15, 95].  However, the 
electrochemical behavior of these novel catalysts is yet to be clearly understood.  
In this study, we analyze the effect of alloying Pd with Pt on the extent of metal-
metal interaction, metal-adsorbate interaction, methanol tolerance, and surface oxidation 
of the binary-alloy catalyst nanoparticles. Palladium and platinum are elements in the 
same group, and each has distinct chemical properties. Pd and Pt mostly show 
comparable electrochemical behavior under similar experimental conditions [48, 67]. It is 
also known that both Pd and Pt adsorb hydrogen on their surface, from both the gas phase 
and electrochemically. However, under the same conditions of pressure and temperature, 
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the bulk absorption of hydrogen in Pt is negligible. Both metals also form strong surface 
oxides in the same potential range of oxidation. Pd has a lower work function than Pt [22] 
and is also smaller in size than Pt. Alloying Pd with Pt will result in the flow of electrons 
from Pd to Pt, which raises the Fermi level and the energy of the d-states in Pt while 
lowering the same in Pd. Thus, the resultant work function of the binary alloy catalysts 
will be higher than that of Pd, but lower than the work function of Pt.  
In this work, we present the results of the electrochemical behavior of the Pd-Pt 
binary alloy catalysts. The catalysts are analyzed for the ORR activity and methanol 
tolerance. The alloy catalysts, viz., Pd3Pt/C and Pt3Pd/C, for this study were synthesized 
by polyol reduction and are characterized by different techniques described in Chapter 2. 
The performance of the alloy catalysts is compared to Pd/C and Pt/C catalysts. We also 
present the results of surface phenomena on the Pd-Pt binary alloy in an oxidizing and 
acidic environment measured with the EQCN technique. From a comparison of the Pd/C 
and Pt/C catalysts, it will be argued that Pd is more tolerant to methanol crossover than Pt 
because of a stronger Pt-Pt versus Pd-Pd bond. This is demonstrated by also investigating 
the alloys of Pd3Pt and Pt3Pd on a carbon substrate. 
6.2. EXPERIMENTAL METHODS 
6.2.1. Catalyst synthesis   
Carbon-supported Pd-Pt catalysts with a 40 wt. % metal loading were synthesized 
by the polyol method as described in Section 2.1. In a typical experiment, 125 mg of 
carbon black was dispersed in 48 mL of ethylene glycol by ultrasonication and magnetic 
stirring. The pH of the solution was adjusted by drop-wise addition of 30 mL of 1 M 
NaOH (in ethylene glycol) to obtain a final concentration of 0.20 M NaOH. Palladium 
(Pd) and platinum (Pt) metal precursor solutions were prepared by dissolving the metal 
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salts separately in ethylene glycol. Sodium tetrachloropalladate (Na2PdCl4) and 
potassium chloroplatinate (K2PtCl4) were used as the metal precursor salts. The precursor 
salt solutions were added drop wise to the carbon-ethylene glycol dispersion and heated 
to temperature, T, for 2.5 hours under continuous stirring. The synthesis was carried out 
under an inert atmosphere by continuous purging of the solution with ultrapure nitrogen 
gas (N2). After cooling the polyol solution, the supported catalysts were filtered, washed 
with ultrapure water and dried overnight in a vacuum oven. The Pd-Pt catalyst samples 
were further heated in a tube furnace under a reducing atmosphere (10% H2/ 90% Ar gas) 




 to 200 
o
C for 2 hours. For a comparison, a Pd/C catalyst 
was also prepared by a similar procedure. The details of the synthesis process are given in 
Table 6.1. 
Table 6.1: Details of synthesis process 
Catalyst Pd salt, M Pt salt, M EG/precursor Synthesis T, 
o
C 
Pd/C  0.025 - 0.4 140 (2 hours) 
Pd3Pt/C  0.015 0.008 0.6 165 
Pt3Pd/C  0.007 0.017 0.5 175 
6.2.2. Structural/chemical characterization 
Bulk metal compositions were determined with an SEM-EDS scanning electron 
microscope as described in Section 2.2.2. The metal loading in the carbon-supported 
catalysts was determined by TGA as described in Section 2.2.3. The near-surface 
composition was determined by X-ray photoelectron spectroscopy measurements as 
given in Section 2.2.6. The structural characterization of the catalysts was carried out 
with a Philips 3520 X-ray diffractometer as described in Section 2.2.1.  
 118 
6.2.3. Electrochemical characterization 
6.2.3.1. Preparation of catalyst ink and electrode 
The catalyst inks were prepared by mixing a known amount of the catalyst 
powder in 5 wt. % Nafion solution and 2-propanol-water mixture as described in Section 
2.3.1. 60 µL of the homogeneous ink was drop-cast onto the gold-coated quartz crystal 
sensor (5 MHz) with a geometric area of 1.37 cm
2
 and allowed to dry at room 
temperature. For the RDE measurements, 10 µL of the homogeneous ink was drop-cast 
onto a glassy-carbon electrode with a geometric area of 0.19634 cm
2
. For the RRDE 
measurements, 12 µL of the homogeneous ink was drop-cast onto a glassy-carbon 
electrode with a geometric area of 0.2472 cm
2
. The method of ink preparation was the 
same for all the catalyst materials being studied. The details of the cast electrodes are 
given in Table E.1. 
6.2.3.2. Cyclic voltammetry (CV) 
The electrochemical characterization was carried out by cyclic voltammetry (CV) 
as described in Section 2.3. CO-stripping voltammetry was carried out on the electrodes 
as described in Section 2.3.6 for the Pd-based catalysts. Methanol oxidation was carried 
out by a potential scan in the range of 0.4 to 1.24 V at 50 mV s
-1
 in 0.1 M HClO4 
containing 0.1 M CH3OH (deaerated electrolyte). Hydrodynamic voltammetry (oxygen 
reduction reaction measurements, ORR) with a rotating disk electrode (Section 2.3.2) was 
carried out in an O2-saturated solution (0.1 M HClO4) as described in Section 2.3.4 and 
the methanol tolerance study was carried out by the same procedure in an O2-saturated 
0.1 M HClO4 electrolyte containing 0.1 M CH3OH. Measurements were also carried out 
to determine the H2O2 intermediates as described in Sections 2.3.2 and 2.3.8. 
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6.2.3.3. Electrochemical quartz crystal nanobalance measurements (EQCN) 
The in situ mass measurements were performed with an EQCN setup as described 
in Section 2.3.3. A batch cell with a 5 MHz sensor was used for the measurements. The 
amount of adsorbed intermediate on the electrode surface was obtained from the 
combined CV and EQCN measurements for the potential cycling. The details are given in 
Section 2.3.4.  
The various characterization measurements were also carried out for a 
commercial Pt/C (BASF). 
6.3. RESULTS AND DISCUSSION  
6.3.1. Structural/chemical characterization 
Bulk compositions determined by EDS and TGA are reported in Table 6.2. The 
TGA profiles are shown in the appendix (Figure E.1).  
The XPS spectra to determine the near-surface characteristics of the catalysts are 
shown in Figure 6.1, and the compositions are given in Table 6.2. Figure 6.1 a and b 
exhibits the core level spectra of Pt 4f and Pd 3d, respectively. The different chemical 
states of the samples are shown in Figure 6.1c-f. The two peaks shown in Figure 6.1b can 
be assigned to Pd 3d5/2 and 3d3/2 of elemental Pd (Pd
o
). The binding energies (BE) of Pd 
3d5/2 for Pd3Pt/C and Pt3Pd/C are 335.37 and 335.54 eV, respectively, which are higher 
than that of pure Pd (335.1 eV [36], dashed vertical line) indicating the stronger Pd bonds 
in the binary alloy catalysts. The observed BE values of Pd
o
 shift to larger values with a 
decrease in the Pd/Pt ratios, which indicates that the Pd-Pt bonding is stronger than the 
Pd-Pd bonding. The standard BE of pure Pt is 71.2 eV [36] (dashed vertical line in Figure 
6.1a). The BE values of Pt 4f7/2 for Pd3Pt/C and Pt3Pd/C are 71.02 and 71.19 eV, 
respectively. The BE values of Pd and Pt of the catalysts reflect the larger radial 
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extension of the 5d orbitals. The Pd 3d5/2 and 3d3/2 peaks and the Pt 4f7/2 and 4f5/2 peaks 
were used to quantify the Pd3Pt/C sample (Figure 6.1 d and c). The Pd 3d5/2 had an 
interference with the Pt 4d signal of the Pt3Pd/C sample. Hence, Pd 3d3/2 and Pt 4f7/2 
peaks without interferences were chosen to quantify the surface composition of the 
Pt3Pd/C sample (Figure 6.1 f and e).  The relative sensitivity factors (R.S.F) were 
adjusted accordingly to include one peak of the doublet pair for elemental quantification 
(Pt 4f7/2, 3.1857; Pd 3d3/2, 2.1424). The negligible deviations between the near-surface 
composition (XPS) and the bulk composition (EDS) indicate an insignificant surface 
segregation in the binary alloy catalysts. The two deconvoluted peaks of Pt in Figure 6.1 
c and e correspond to Pt
o
 (elemental Pt) and PtO2 (peak position of Pt
o
 + 0.77 eV, [10]). 
The 3 peaks of Pd in Figure 6.1d correspond to Pd
o
 (elemental Pd), Pd-Oads, and PdO 
(Pd
++
) with peak positions consistent with those given in the literature [86]. The peak 
corresponding to PdO was not significant in the Pt3Pd/C sample as shown in Figure 6.1f. 
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Figure 6.1: Core-level XPS spectra of (a) Pt 4f and (b) Pd 3d. XPS spectra with the 
deconvolution fit for the Pt 4f region ((c) and (e)) and the Pd 3d region ((d) 
and (f)). The open circles indicate the experimental data. 
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Figure 6.2 compares the XRD patterns of the samples. All the peaks can be 
indexed in the f.c.c crystal structure. The absence of superlattice reflections 
corresponding to atomic ordering indicates the formation of a pure single-phase 
disordered binary alloy, which is consistent with the complete miscibility of Pd and Pt as 
seen in the binary phase diagram [96].  
 
 
























Pd/C - - 39.4 - 6.0 ± 1.0 
Pd3Pt/C Pd75Pt25 Pd77.9 Pt22.1 42.8 Pd76.9 Pt23.1 6.5 ± 0.5 
Pt3Pd/C Pt75Pd25 Pt70.9 Pd29.1 47.4 Pt70.2 Pd29.8* 5.5 ± 0.5 
Pt/C - - 40.0 - 3.5 ± 0.5 
*From the analysis of Pt4f7/2 and Pd3d3/2 (combination of elemental and the oxide forms). 
6.3.2. Electrochemical characterization 
6.3.2.1. Understanding methanol tolerance and CO oxidation 
In DMFCs, the primary loss of efficiency of the cathodic reaction is the 
competitive reactions of the ORR and the oxidation of methanol (MOR, methanol 
oxidation reaction). Methanol crosses over from the anode through the proton exchange 
membrane to the cathode side of the fuel cell. Figure 6.3a shows the ORR and MOR 
reactions occurring on carbon-supported Pt and Pd catalysts. A peak is seen for the MOR 
on the Pt catalyst in the region of the ORR when the O2-saturated electrolyte contains 
methanol (CH3OH). Thus, in the presence of methanol, the ORR activity is considerably 
reduced on the Pt/C electrode (black-colored curve).  However, no MOR peaks are seen 
for the Pd/C catalyst (red-colored curve). The behavior of Pd/C in the presence of 
CH3OH indicates the high tolerance of the catalyst toward the MOR.  
The MOR is given by Equation (6.1). The primary intermediate of the MOR is the 
carbon monoxide adsorbed (CO) on the metal surface. The reaction for the formation of 
CO is given by Equation (6.2).   
CH3OH  + H2O  ↔ CO2  + 6H
+
   +   6e
-
                                          (6.1) 
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CH3OH            ↔ CO  + 4H
+
   +   4e
-
                                           (6.2) 
The MOR is completed by the oxidation of CO to carbon dioxide, which can 
occur by different mechanisms, as given below: 
CO  +  H2O  ↔ CO2  + 2H
+
   +   2e
-
                                          (6.3) 
CO  +  M(Pt)O   ↔ CO2  + M(Pt)                                                  (6.4a) 
M(Pt)  + H2O       ↔ M(Pt)O  + 2H
+
   +   2e
-
                                  (6.4b) 
The oxidation of CO as given in Equation (6.3) involves the O-containing species 
in the solution, i.e., H2O, whereas the oxidation as given in Equation (6.4) involves the 
O-species on the catalyst surface, M(Pt) (Equation (6.4a)). The surface oxidation 
continues on the catalyst surface, as given by Equation 6.4b, after the complete removal 
of the adsorbed CO (CO-stripping). The CO-stripping voltammograms for Pt/C and Pd/C 
are shown in Figure 6.3b. It is seen that the oxidation of CO on Pt/C occurs at a lower 
potential than on Pd/C and in the potential range of onset of surface oxidation on Pt/C. 
This behavior indicates that the oxidation of CO on Pt/C occurs via the mechanism given 
by Equation (6.4a). Although a Pt-O bond is stronger than a Pd-O bond, the stronger Pt-
Pt bonding relative to the Pt-O bonding in the catalyst makes it easier to strip the CO by 
Equation (6.4a) than by Equation (6.3). It is also seen that oxidation of CO occurs at 
higher positive potentials on Pd/C, above the region of surface oxidation of Pd. The onset 
of surface oxidation on Pd is at lower potentials than on Pt, indicating that although a Pd-
O bond is weaker than a Pt-O bond, weaker Pd-Pd interactions in the Pd catalyst make 
the formation of surface PdO occur at a lower anodic potential. The strength of the 
surface oxide bond and the CO oxidation potentials on Pd/C indicate that the CO 
oxidation occurs via the reaction given by Equation (6.3) on Pd/C. This study shows that 
the high tolerance of catalysts to the MOR is related to a high oxidation potential of CO 
on the catalyst surface.   
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Figure 6.3: (a) Typical hydrodynamic voltammograms without (0.1 M HClO4) and with 
CH3OH (0.1 M HClO4 + 0.1 M CH3OH), and (b) typical CV and CO-
stripping voltammograms (comparison of Pt/C and Pd/C). 
6.3.2.2. CO-stripping voltammetry (CO oxidation) and methanol oxidation   
The CO-stripping and the MOR voltammograms for the different catalysts are 
compared in Figure 6.4. The peak potential and current values for the CO-stripping are 
given in Table 6.3. The two dashed vertical lines in Figure 6.4 represent the CO oxidation 
peaks for Pt/C and Pd/C, respectively. The shift in the peak potentials of the alloys to 
lower values than that of Pd/C indicates a relative weakening of the metal-O bond with a 
decrease in methanol tolerance as discussed in Section 6.3.2.1. This shift also indicates 
that the Pd-Pt bond is stronger than the Pd-Pd bond in the binary-alloy catalysts, which is 
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consistent with the XPS results as seen in Section 6.3.1.  The results show that a 
competition exists between the metal (M)-metal (M) and the metal-O bond; a stronger M-
M bond indicates a weaker M-O bond relative to the M-M bond. Dilution of Pd with Pt 
strengthens the M-M bond and it weakens the relative strength of the M-O bond, favoring 
Equation 6.4 vs Equation 6.3. CO oxidation on Pt/C showed two peaks at 0.737 V (peak 
i) and 0.847 V (peak ii). Different explanations are presented in the literature for the 
presence of two peaks on Pt/C; they include: variation in particle size [97, 98], 
distribution of different adsorption sites [99], orientation of the crystallographic planes 
[100, 101], difference in the number of nucleating sites for O-containing species on the 
surface [102], difference in the mobility of the surface species [103], and differences in 
the type of adsorption (end-on vs bridged) [42, 104]. In the present study, the particle size 
distribution of the catalysts on carbon was uniform (unimodal distribution) (Section 
4.3.1.3). In this study, CO adsorption on Pt/C was carried out at a lower potential hold, 
which favors a direct metal-CO adsorption (Section 2.3.6). A lower potential hold for CO 
adsorption also forms maximum CO coverage on the surface. It has been reported that a 
maximum coverage of CO on the surface leads to two peaks [105]. It was also seen that 
the surface of Pt/C reaches monolayer coverage of oxide at potentials greater than 1.0 V 
(Section 4.3.2.4), which indicates an increase in the number of adsorbed O with 
increasing potential. The two peaks for CO oxidation on Pt/C are attributed to the 
difference in the number of O-containing species on the catalyst surface. 
The MOR studies were carried out to study the behavior and the voltammograms 
of the catalysts in the presence of methanol (Figure 6.4). The Pd/C catalyst showed no 
peak for methanol oxidation whereas Pt/C and Pd-Pt binary-alloy catalysts exhibited 
distinct peaks for methanol oxidation. For Pd/C, the CV with and without methanol were 
similar, indicating the tolerance of the catalysts to methanol. The Pd3Pt/C catalyst showed 
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no peaks for MOR during the initial CVs; however, continuous potential cycling in 
methanol showed the appearance of peaks for the MOR with an increase in the peak 
height with cycling. This behavior in Pd3Pt/C shows that the catalyst becomes less 
tolerant to the MOR with potential cycling, which signals the formation of a Pt-enriched 
surface. Figure 6.4 also shows that the surface oxide formation peaks on Pt/C and 
Pt3Pd/C are suppressed by the large MOR current.  The ratio of the forward to the reverse 
current for the MOR is given in Figure 6.4.  
 





Table 6.3: Peak potential and peak current of CO-stripping voltammograms 
Catalyst Peak potential, V Peak current, µA 
Pd/C 0.947 1522 
Pd3Pt/C 0.912 1575 
Pt3Pd/C 0.801 1111 
Pt/C, Peak i: 0.737 426 
Pt/C, Peak ii: 0.847 792.6 
6.3.2.3. ORR and methanol tolerance  
The hydrodynamic voltammograms with and without methanol are shown in 
Figure 6.5. The limiting currents obtained for all the catalysts during the ORR 
measurements without alcohol were comparable to the expected theoretical limiting 
current density for the ORR in 0.1 M HClO4. The half-wave potentials for Pt/C, Pt3Pd/C, 
Pd3Pt/C and Pd/C were 0.796, 0.794, 0.757 and 0.749 V, respectively (Pt/C > Pt3Pd/C > 
Pd3Pt/C > Pd/C). The higher half-wave potentials of the Pt/C and Pt3Pd/C catalysts 
indicate the low overpotential loss of these catalysts. The mass activities for the different 
catalysts measured at 0.82 V are shown in Figure 6.6. The activities, calculated per unit 
mass of Pt and per unit mass of PGM (platinum group metals, (Pt+Pd)), reveal the rate of 
catalytic activity per amount of the catalyst. The order of decrease of activity per unit 
mass of Pt was: Pd3Pt/C > Pt3Pd/C > Pt/C and per unit mass of PGM was: Pt/C > Pt3Pd/C 
> Pd3Pt/C > Pd/C. The ORR activity of the catalysts were also measured in the presence 
of methanol (O2-saturated 0.1 M HClO4 containing 0.1 M CH3OH) (Figure 6.5b). The 
Pt/C and Pt3Pd/C catalysts showed strong MOR peaks in the potential range of the ORR, 
indicating a low tolerance to methanol oxidation consistent with the discussion in Section 
6.3.2.2. The strong Pd-oxide bond blocks the surface and prevents the oxidation of 
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methanol. In the case of Pt, Equation (6.4a) strips both the CO and the oxygen from the 
Pt to leave a bare Pt surface for further adsorption of methanol. 
 
 
Figure 6.5: Hydrodynamic voltammograms (ORR curves) at 10 mV s
-1
 in O2-saturated 
electrolyte: (a) 0.1 M HClO4 and (b) 0.1 M HClO4 + 0.1 M CH3OH. 
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Figure 6.6: Mass activity of the catalysts at 0.82 V in the absence of methanol. 
6.3.2.4. Determination of ORR intermediates 
The amount of H2O2 formed during the ORR was evaluated with the R(RDE) 
measurements to identify the electron transfer mechanism (4-electron vs. 2-electron) for 
the ORR on the catalysts. The change in the amount of H2O2 during the ORR, calculated 
with Equation (2.10), and the selectivity of the catalysts calculated with Equation (2.11), 
is shown in Figure 6.7. The disk electrode was scanned from 0.2 to 1.0 V for Pt/C and 
Pt3Pd/C catalysts, and from 0.35 to 1.0 V for Pd/C and Pd3Pt/C catalysts at 10 mV s
-1
, 
while the ring electrode was held at 1.4 V. The efficiency of the collection-generation 
experiments were determined as mentioned in Section 2.3.8 and was found to be 0.23, 
0.24, and 0.28 for Pt/C, Pt3Pd/C and Pd3Pt/C catalysts, respectively. The amount of H2O2 
generated was less than 5 %.  This study shows that a negligible amount of H2O2 is 
generated even in the region of the largest peroxide formation (potential < 0.5 V, Section 




Figure 6.7: (a) Change in the amount of H2O2 collected at the ring electrode, (b) 
selectivity of the catalysts (The disk electrode was scanned from 0.2 to 1.0 
V (Pt/C and Pt3Pd/C) and 0.35 to 1.0 V (Pd/C and Pd3Pt/C) at 10 mV s
-1
 in 
0.1 M HClO4 for different catalysts and the ring electrode was held at 1.4 V). 
6.3.2.5. Analysis of surface phenomena on the catalysts 
Surface oxidation of Pt/C and Pd/C occurs in the same potential range as seen in 
Chapters 4 and 5. However, the onset potential for surface oxidation on Pd/C is lower 
than that of Pt/C, indicating that Pd forms stronger surface oxide bonds compared to the 
Pt-O bond relative to the catalyst M-M bonding. A study was carried out to understand 
the behavior of the Pd-Pt binary-alloy catalysts under oxidizing potentials in an acidic 
environment. The catalyst inks for these measurements simulated the long-term exposure 
of the catalysts to acidic environment. The combined CV and EQCN response of the 
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catalysts are shown in Figures 6.8, 6.9 and 6.10 for Pd/C, Pd3Pt/C and Pt3Pd/C, 
respectively. A summary of the data is given in Table 6.4. The data for Pt/C catalyst is 
given in Chapter 4. The charge during the oxide formation corresponds to the Faradaic 
reactions on the surface and the interfacial mass-change (δΔm) on the catalyst surface. 
 
Figure 6.8: (a) and (b) Combined CV and EQCN response of Pd/C between 0.4 and 
1.24 V, and (c) and (d) combined CV and EQCN response of Pd/C between 
0.4 and 1.24 V in 0.5 M H2SO4 at 50 mV s
-1
 and 25 
o
C (The down-arrow in 
(b) indicates the loss of mass). 
Table 6.4: Data summary of CV and EQCN response of the catalysts 
Parameter Pd/C Pd3Pt/C Pt3Pd/C 
Charge, µC cm
-2
geo 5680 3933 3131 
δΔm, µg cm
-2




11.43 (0.4-1.24 V) 
10.8 (0.05-1.24 V) 
2.69 3.97 
 133 
Figure 6.8 a and b shows the CV and the EQCN response of Pd/C in the potential 
range of surface oxidation and Figure 6.8 c and d shows the response in the potential 
range that includes both the HUPD and oxide regions. A mass loss (~ 370 ng cm
-2
geo) was 
seen between consecutive cycles (Figure 6.8b). The anodic scan showed a continuous 
increase in mass as result of binding O. The amount of species adsorbed (Table 6.4) 
calculated with Equation (2.4) changed little during the potentials sweeps of the catalyst 
in the potential range of 0.4-1.24 V and 0.05-1.24 V. The surface oxidation of Pd can be 
written as shown in Equations (6.5 a-c) for different values of M, g mol
-1
. Equation (6.5c) 
involves the formation of 11 g mol
-1
. This shows that a strong surface oxide is formed on 
the surface of Pd/C catalyst. 
Pd + H2O  ↔ PdO          + 2H
+
   +   2e
-
                                  (6.5a) 
PdO + H2O  ↔ PdOOH    + H
+
   +   e
-
                                     (6.5b) 
or         Pd + 2H2O  ↔ PdOOH  + 3H
+
   +   3e
-
                                   (6.5c) 
It can be seen from Figure 6.9 a and b (Pd3Pt/C) that there is a mass increase (~ 
100 ng cm
-2
geo) between the consecutive cycles as indicated by the up-arrow in Figure 
6.9b. The data in Table 6.4 shows that the total change in mass (δΔm) during the surface 
oxidation of the catalyst was considerably lower than that on Pd/C.  The interfacial mass 
change during a scan reflects the competitive reactions occurring on the surface. It was 
seen in Section 5.3.2.1 that surface chemisorption and dissolution of oxide species occurs 
in the oxide region on a Pd/C catalyst. The summary of the reactions on a Pd/C catalyst 
as given in Table 5.6 also showed the contribution due to each reaction on the expected 
mass response during each potential scan. The surface oxidation of both Pd and Pt in the 
Pd3Pt/C catalyst should show an increase in mass similar to that for Pd/C and Pt/C during 
the anodic scan. A lower mass change indicates that both addition and dissolution of 
surface oxygen occurs during the anodic potential scan. It was also seen that there was a  
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Figure 6.9: (a) CV and (b) associated EQCN response of Pd3Pt/C between 0.4 and 1.24 
V in 0.5 M H2SO4 at 50 mV s
-1
 and 25 
o
C (The up-arrow in (b) indicates the 
gain in mass). 
mass gain (~ 30 ng cm
-2
geo) in the potential range of ~ 0.7-0.4 V during the cathodic scan 
(i.e., reduction of surface oxide). This mass gain was due to the partial redeposition of the 
Pd metal ions from the solution onto the catalyst surface, as described in Section 5.3.2.1. 
In Section 5.3.2.3, it was seen that the dissolution of the initial excess surface adsorbate 
on the catalyst raised the concentration of Pd
2+
 ions in the solution layer adjacent to the 
electrode. These metal ions were deposited back onto the electrode during the cathodic 
scan. The presence of initial adsorbate was confirmed from the XPS analysis of the alloy 
catalysts. A detailed analysis of the different chemical states of the metals on the surface 
of the catalysts (Table 6.5) showed that the Pd3Pt/C catalyst had a relatively higher 
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amount of PdO compared to Pt3Pd/C. This species dissolved during the anodic scan and 
resulted in the mass gain seen in Figure 6.9b. This study shows a clear correlation 
between the adsorbate in the form of PdO (Pd
2+
) and the electrochemical behavior of the 
catalysts. 
The EQCN response of Pt3Pd/C catalyst (Figure 6.10b) was similar to the 
response of a Pt surface (Chapters 3 and 4). However, the interfacial mass-change (δΔm) 
was lower than that seen on a Pt/C or a Pd/C surface.  This behavior again shows the 
competitive surface oxidation and selective dissolution occurring on the catalyst surface. 
The mass gain between consecutive cycles as shown by the up-arrow in Figure 6.10b was 




Figure 6.10: (a) CV and (b) associated EQCN response of Pt3Pd/C between 0.4 and 1.24 
V in 0.5 M H2SO4 at 50 mV s
-1
 and 25 
o
C (The up-arrow in (b) indicates the 
gain in mass). 
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Table 6.5: Relative near-surface composition of the different chemical states of the 
metals in the binary alloy catalysts 
Catalyst 







 Pd-Oads PdO (Pd
2+
) 
Pd3Pt/C  13.73 9.33 48.69 7.95 20.3 
Pt3Pd/C  38.8 31.37 15.13 14.7 - 
6.4. CONCLUSIONS 
Carbon-supported Pd-Pt binary alloy catalysts in the atomic ratio of 3:1 and 1:3, 
respectively, were synthesized by the polyol reduction method, followed by heat 
treatment at 200 
o
C in a reducing atmosphere. XRD analysis showed the formation of 
single-phase disordered alloys. Compositional ratios of the metals obtained from EDS 
and XPS showed negligible surface segregation in the binary alloy catalysts. The origin 
of methanol tolerance and its relation to CO oxidation was investigated and compared by 
studying the behavior of the most tolerant (Pd/C) and the least tolerant (Pt/C) catalysts 
and their alloys, viz., Pd3Pt/C and Pt3Pd/C. The results show that the relative Pd-O bond 
is stronger than the relative Pt-O bond, which is due to the weaker Pd-Pd than Pt-Pt 
bonding. The study showed that the strong Pt-Pt interaction in Pt/C favored the stripping 
of CO via the reaction involving the adsorbed oxide on Pt, whereas the stronger relative 
Pd-O bond in Pd/C resulted in the oxidation of CO with a reaction with the water 
molecules in the solution. The alloy with a higher Pd content showed an increased 
tolerance to methanol oxidation reaction under similar experimental conditions. 
Continued potential cycling in the presence of methanol also showed that the Pd3Pt/C 
binary alloy formed a more Pt-rich surface during electrochemical cycling. The reaction 
kinetics showed that the Pd-Pt binary alloy catalysts were very active for the ORR. The 
amount of peroxide intermediates during the ORR was found to be negligible, which 
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showed that the kinetics of the ORR predominantly involved a four-electron transfer 
reaction. The interfacial surface phenomena on the catalysts were studied by combined 
CV and EQCN measurements. The EQCN measurements revealed different competing 
reactions occurring on the surface of Pd and Pt in the alloy catalysts, which were not 
clearly resolved in the cyclic voltammograms of the alloy. This study exhibited the 
sensitivity of the EQCN technique. Analysis of the EQCN mass response of the catalysts 
showed a distinct correlation existed between the initial surface oxide (PdO, determined 
by XPS) on the Pd-based catalysts and their electrochemical behavior. This relation 




7.  Carbon-supported palladium ternary-alloy nanoparticles as a 
methanol-tolerant oxygen reduction reaction catalyst for fuel cells 
7.1. INTRODUCTION 
The direct methanol fuel cell (DMFC) is a promising power source with a high 
theoretical energy density operating on an easy-to-handle liquid fuel. However, the 
performance of the DMFC is below its theoretical value because of the low efficiency 
and instability of catalysts. The cathode catalysts are easily poisoned by methanol 
crossover from the anode through the proton-exchange membrane to the cathode. Pt-
based nanoparticles are the most studied catalysts for the ORR, but their performance is 
degraded in the presence of methanol. Pd is a promising catalyst to replace Pt in a DMFC 
as it has a high methanol tolerance. However, pure Pd is a poor catalyst for the ORR and 
modifications have been carried out on Pd by alloying with other metals to increase the 
ORR activity of Pd-based catalysts. Recent developments have been toward synthesizing 
carbon-supported Pd-based binary alloy nanoparticles as potential cathode catalysts for 
low-temperature fuel cells [95, 106-109]. 
The primary objective of this study is to evaluate the performance of Pd when 
alloyed with two different base metals, Co and Ni. The work functions of Cobalt (Co) 
and Nickel (Ni) are lower than that of Pd, which introduces a ligand effect on Pd in an 
alloy of Pd-Co or Pd-Ni. The resultant work function of the ternary alloy is smaller (lies 
in between that of Co/Ni and Pd) than that of pure Pd. In this study, we analyze the 
performance of the ternary catalysts toward the ORR activity and its methanol tolerance. 
We also determine the nature of the surface oxide formed on the ternary-alloy catalysts 
by monitoring the interfacial mass-change with a surface-sensitive technique.  
A carbon-supported Pd ternary-alloy catalyst (Pd3CoNi/C) was also synthesized 
by the polyol method and was characterized by the different techniques described in 
 139 
Chapter 2. The performance of the catalyst is compared to that of a binary alloy 
(Pd3Co/C) and Pd/C catalysts synthesized by a similar procedure.  
7.2. EXPERIMENTAL METHODS 
7.2.1. Catalyst synthesis   
Carbon-supported Pd3CoNi and Pd3Co catalysts with a 40 wt. % metal loading 
were synthesized by the polyol reduction method. In a typical experiment, 125 mg of 
carbon black was dispersed in 48 mL of ethylene glycol by ultrasonication and magnetic 
stirring. 5-15 mL of water was added to the dispersion to obtain an azeotropic mixture. 
The pH of the solution was adjusted by drop-wise addition of 1 M NaOH (in ethylene 
glycol). Palladium (Pd), cobalt (Co) and nickel (Ni) metal precursor solutions were 
prepared by dissolving the metal salts separately in ethylene glycol. Sodium 
tetrachloropalladate (Na2PdCl4), cobalt (II) chloride (CoCl2.6H2O) and nickel (II) 
chloride (NiCl2.6H2O) were used as the metal precursor salts. The Co and Ni salts with 
similar reduction potentials in EG were chosen for the synthesis (Section 2.1). The 
precursor salt solutions were added drop wise to the carbon-ethylene glycol dispersion 
and heated to 185 
o
C for 3.5 and 4 hours, respectively, for Pd3Co/C and Pd3CoNi/C, 
under continuous stirring. The synthesis was carried out under an inert atmosphere by 
continuous purging of the solution with ultrapure nitrogen gas (N2). After cooling the 
polyol solution, the supported catalysts were filtered, washed with ultrapure water and 
dried overnight in a vacuum oven. The catalyst samples were further heated in a tube 





 to 350 
o
C for 2 hours. The details of the polyol method are given in Section 2.1 and 
the compositions of the salts are given in Table 7.1. For a comparison, a PdCoNi/C and 
Pd/C catalysts were prepared by a similar procedure. 
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Table 7.1: Details of synthesis process 
Catalyst Pd salt, M Co salt, M Ni salt, M EG/precursor NaOH, M 
Pd3Co/C  0.012 0.003 - 1.14 0.19 
Pd3CoNi/C  0.025 0.008 0.008 0.64 0.21 
PdCoNi/C  0.016 0.016 0.016 0.58 0.21 
Pd/C  0.025 - - 0.4 0.20 
7.2.2. Structural/chemical characterization 
Bulk metal compositions were determined with an SEM-EDS scanning electron 
microscope as described in Section 2.2.2. The metal loading in the carbon-supported 
catalysts was determined by TGA as described in Section 2.2.3. The structural 
characterization of the catalysts was carried out with a Philips 3520 X-ray diffractometer 
as described in Section 2.2.1. The morphology of the samples was analyzed with a JEOL 
2010F TEM as described in Section 2.2.4.  
7.2.3. Electrochemical characterization 
7.2.3.1. Preparation of catalyst ink and electrode 
The catalyst inks were prepared by mixing a known amount of the catalyst 
powder in 5 wt. % Nafion solution and 2-propanol-water mixture as described in Section 
2.3.1. 60 µL of the homogeneous ink was drop-cast onto the gold-coated quartz crystal 
sensor (5 MHz) with a geometric area of 1.37 cm
2
 and allowed to dry at room 
temperature. For the RDE measurements, 10 µL of the homogeneous ink was drop-cast 
onto a glassy-carbon electrode with a geometric area of 0.19634 cm
2
. The method of ink 
preparation was the same for all the catalyst materials being studied. The details of the 
cast electrodes are given in Table 7.2. 
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Table 7.2: Ink loading for different catalysts  
Catalyst 
Loading level, µg cm
-2
 Thickness of 
dry film, µm 
Nafion, wt. 
% (dry film) C PGM Metal 
Pd3CoNi/C-EQCN  62 32 41 0.45 21.8 
Pd3CoNi/C-ORR  124.1 65.0 82.7 0.90 21.4 
PdCoNi/C-ORR 119.3 40.0 79.6 0.89 22.1 
Pd3Co/C-ORR  122.2 73.2 81.5 0.88 21.1 
Pd/C-ORR  108.0 72.0 72.0 0.79 22.1 
7.2.3.2. Cyclic voltammetry (CV) 
The electrochemical characterization was carried out by cyclic voltammetry (CV) 
as described in Section 2.3. CO-stripping voltammetry was carried out on the electrodes 
as described in Section 2.3.6 for the Pd-based catalysts. Methanol oxidation was carried 
out by a potential scan in the range of 0.4 to 1.24 V at 50 mV s
-1
 in 0.1 M HClO4 
containing 0.1 CH3OH (deaerated electrolyte). Hydrodynamic voltammetry (oxygen 
reduction reaction measurements, ORR) with a rotating disk electrode (Section 2.3.2) was 
carried out in an O2-saturated solution (0.1 M HClO4) as described in Section 2.3.4 and 
the methanol tolerance study was carried out by the same procedure in an O2-saturated 
0.1 M HClO4 electrolyte containing 0.1 M CH3OH. 
7.2.3.3. Electrochemical quartz crystal nanobalance measurements (EQCN) 
The in situ mass measurements were performed with an EQCN setup as described 
in Section 2.3.3. A batch cell with a 5 MHz sensor was used for the measurements. The 
amount of adsorbed intermediate on the electrode surface was obtained from the 
combined CV and EQCN measurements for the potential cycling, and steady-state values 
are reported. The details are given in Section 2.3.4. 
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7.3. RESULTS AND DISCUSSION  
7.3.1. Structural/chemical characterization 
7.3.1.1. Chemical characterization 
Bulk compositions determined by EDS are reported in Table 7.3 and are 
comparable with the nominal composition based on the stoichiometric amount of 
precursor salts taken for synthesis. Images of the EDS maps of the catalysts are given in 
Figure 7.1c. It is seen that the metals are uniformly distributed on the catalysts. The metal 
loading was found to be approximately 40 wt.%. 
7.3.1.2. Structural characterization 
Figure 7.1 compares the XRD patterns of the different catalyst samples. The 
pattern was also compared with a CoNi/C sample prepared by a similar procedure. All 
the peaks can be indexed with the f.c.c crystal structure. The narrow peaks observed for 
CoNi/C indicate the high degree of crystallinity of the synthesized nanoparticles. Pd has a 
smaller surface energy, and addition of Pd to the Co-Ni mixture helps form nanoparticles. 
Broad peaks with a shoulder in the first peak at locations close to the (111) peaks of Co 
and Ni are seen for the PdCoNi/C sample. This shoulder indicates that Co and Ni tend to 
form a separate phase. At large concentrations of Pd in solution, the Pd-Co/Ni particles 
are homogeneous, but at low concentrations they are not homogeneous. Polyol synthesis 
under high synthesis temperature and under reflux conditions formed PdCoNi/C 
nanoparticles with a similar shoulder/peak. The average crystallite size calculated from 
the Scherrrer’s formula and the lattice parameter of the samples as obtained from the 
XRD patterns are given in Table 7.3. 
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Figure 7.1: (a) XRD patterns of Pd/C and Pd3Co/C, (b) XRD patterns of CoNi/C, 
PdCoNi/C and Pd3CoNi/C with the expected positions of Pd (111) and Co, 
Ni (111) peaks, and (c) Images of the EDS maps of the catalysts. 
The TEM images and the particle size distribution of the catalysts are shown in 
Figure 7.2. It is seen that the synthesized particles have predominantly a spherical 
morphology. The size of the nanoparticles (averaged over 70 particles) was found to be 
6.02 and 5.52 nm, respectively, for the Pd3Co/C and Pd3CoNi/C samples. A wide 
distribution was seen for the Pd3CoNi/C samples. The observed distribution is due to 
differences in the surface energies of the constituent atoms (PdSE < (Co, Ni)SE, SE-surface 
energy) and its influence on the rate of formation of the ternary alloy nanoparticles as 
mentioned above. 
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Pd3Co/C Pd75Co25 Pd83Co17 6.5 ± 0.5 3.8556 1.3628 0.84 
Pd3CoNi/C Pd60Co20 Ni20 Pd67Co18.3 Ni14.7 5.5 ± 0.5 3.8346 1.3561 1.33 
PdCoNi/C Pd33.4Co33.3 Ni33.3 Pd35.9Co33.3 Ni30.8 - 3.8306 - - 
CoNi/C Co50 Ni50 Co49.8 Ni50.2 13.5 ± 1.5 3.5326 - - 
Pd/C - - 6.0 ± 1.0 3.8914 1.3744 - 
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Figure 7.2: (a) and (b) TEM images, and (c) and (d) particle size distributions of 
Pd3Co/C and Pd3CoNi/C samples. 
7.3.2. Electrochemical characterization 
7.3.2.1. CO-stripping voltammetry and methanol oxidation 
CO is the primary intermediate in the methanol oxidation reaction.  The study of 
oxidation of CO helps to understand the behavior of the catalysts with regard to the 
methanol oxidation reaction (MOR) and the ORR in the presence of methanol. The CO-
stripping voltammograms and the MOR voltammograms for the different catalysts are 
shown in Figure 7.3. The peak potential and current values (indicator of the binding 
strength of CO to the active metal site and reaction rate) are given in Table 7.4. The 
dashed vertical line in Figure 7.3 represents the CO oxidation peak for Pd/C. The CO 
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oxidation peak potential is shifted to negative values for the alloy catalysts compared to 
that for Pd/C, indicating a decrease in methanol tolerance. This shift indicates a 
weakening of the CO-metal binding energy. The current values of the alloy catalysts span 
a lower voltage range relative to Pd/C, which is due to a change in the strength of the CO 
adsorption by the alloying effect. Details of the analysis of oxidation of CO and methanol 
tolerance on Pt/C and Pd/C catalysts are given in Section 6.3.2.1. A weaker metal-metal 
interaction was shown to increase the metal-adsorbate interaction. The MOR studies were 
carried out to understand the origin of methanol tolerance; potential scans were carried 
out both in the presence and absence of methanol (Figure 7.3). There were no peaks for 
methanol oxidation and a similar behavior was observed in the absence of methanol 
indicating the tolerance of these Pd-based catalysts to the MOR. This study is consistent 
with the observation of a tolerance to the MOR where there is a weakening of the 
strength of the catalyst M-M interaction compared to the Pt-Pt interaction in a Pt catalyst. 
Table 7.4: Peak potential and peak current of CO-stripping voltammograms 
Catalyst Peak potential, V Peak current, µA 
Pd3Co/C 0.937 1056 
Pd3CoNi/C 0.935 738 
PdCoNi/C 0.922 606 










7.3.2.2. ORR and methanol tolerance  
Figure 7.4 shows the response of the hydrodynamic measurements with the RDE 
technique carried out to evaluate the ORR activity in the presence and absence of 
methanol. As seen from Figure 7.4a, a clear limiting current is obtained for all the 
catalysts and the values were comparable to the expected theoretical limiting current 
density for the ORR in 0.1 M HClO4. It is also seen that the polarization curves shift 
toward higher potentials with increasing Pd content in the catalyst. A comparison of the 
activities of the catalysts per unit mass of Pd is shown in Figure 7.5. Among the catalysts 
with high Pd content (Pd3Co/C and Pd3CoNi/C), the Pd3CoNi/C ternary alloy catalyst 
showed a higher mass activity. In DMFCs, a decrease in the ORR activity occurs when 
methanol from the anode compartment permeates through the proton-exchange 
membrane and reaches the cathode compartment. To investigate the activity of the 
catalysts under methanol crossover, experiments similar to the ORR measurements were 
carried out in an O2-saturated 0.1 M HClO4 containing 0.1 M CH3OH (Figure 7.4b). A 
decrease in the half-wave potential for the ORR is seen for the catalysts in the presence of 
methanol though no peaks were seen for the methanol oxidation in the potential range of 
the ORR measurements. The decrease in half-wave potential indicates the blocking of 
some active Pd sites for ORR by the adsorbed methanol. The details are explained in 
Chapter 6. The data are summarized in Table 7.5. 
The CV (Figure 7.3) and hydrodynamic (Figure 7.4) measurements indicate the 
tolerance of the ternary catalyst to methanol oxidation and suggests its potential use as a 
good catalyst to alleviate the problem of methanol crossover in DMFCs. 
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Figure 7.4: Hydrodynamic voltammograms (ORR curves) at 10 mV s
-1
 in O2-saturated 
electrolyte: (a) 0.1 M HClO4 and (b) 0.1 M HClO4 + 0.1 M CH3OH. 
 
Figure 7.5: Mass activity of the catalysts at 0.8 V in the absence of methanol. 
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Table 7.5: Mass activity and half-wave potential of the catalysts  
Catalyst 
Half-wave potential, V Mass activity, 
mA mgPd 
-1
 without CH3OH with CH3OH ΔV 
Pd3CoNi/C 0.797 0.725 72 41.1 
PdCoNi/C 0.738 0.658 80 16.2 
Pd3Co/C  0.793 0.729 64 34.6 
Pd/C  0.749 0.718 31 19.3 
7.3.2.3. Interfacial mass change  
The combined CV and EQCN response of the Pd3CoNi/C ternary alloy catalyst is 
shown in Figure 7.6. In the anodic scan, there was a continuous mass increase with 
potential. This confirms the absence of initial surface adsorbates on the catalyst as 
described in Section 5.3.2.1. During the cathodic scan, the mass decreased in the oxide 
region as the surface oxides were reduced. Details of the analysis of the EQCN response 
of a Pd-based catalyst are given in Sections 5.3.2.1 and 5.3.2.3. The change in the 
interfacial mass (Δm) was calculated with Equation (2.3) and the amount of the adsorbed 
species was calculated with Equation (2.4). From the integrated charge density and the 
associated mass change in the potential range of surface oxidation of Pd, a ratio of 19 g 
mol
-1
 (approx.) of electrons passed was obtained, which indicates the formation of a 
hydrated form of surface oxide on the ternary alloy catalyst. The formation of a hydroxyl 
intermediate would account for a mass change of 17 g mole
-1
 of electrons passed. A 
higher mass change for the ternary alloy catalyst may signal the incomplete deprotonation 
of the water molecules that were initially adsorbed on the surface of the catalyst at the 
onset of surface oxidation. Assuming a hydroxyl species is adsorbed on the ternary alloy 
catalyst, the surface oxidation can be written as, 
Pd  + H2O  ↔ PdOH  + H
+
   +   e
-
                                         (7.1) 
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Figure 7.6: Combined CV and EQCN response of Pd3CoNi/C in 0.5 M H2SO4 between 
0.4 and 1.24 V at 50 mV s
-1
 and 25 
o
C. 
The coulomb charge and mass change in the oxide formation were assumed to be 
entirely due to adsorbed surface oxides on the catalysts. It was seen that an anhydrous 
oxide film (PdO) was formed on the Pd/C as given in Chapters 5 and 6. The formation of 
the hydroxyl intermediate indicates a weakening of the adsorbate-metal interaction in the 
case of the ternary alloy catalyst. It has been reported that Co and Ni in a Pd host 
experience a moderate anti-segregation energy [65]. High-temperature heating results in 
the migration of Pd atoms to the surface of the alloy nanoparticles because a stronger Pd-
Pd bonding reduces the surface energy. Thus, a Pd-rich shell should be formed on the 
nanoparticles. However, the change in work function should also play a role. Due to the 
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differences in the work function of the individual atoms (the work function of Co/Ni is 
lower than that of Pd) electrons flow from Co/Ni to Pd. This transfer of electrons raises 
the Fermi level of Pd in the ternary alloy.  
Combined CV and EQCN response of Pd3Co/C binary-alloy catalyst is shown in 
appendix F (Figure F.1). The measurements were carried out for a CV in the potential 
range of 0.05 to 1.20 V at 50 mV s
-1
 in 0.5 M H2SO4. The amount of adsorbed oxide (M) 
calculated with Equation (2.4), was found to be 17 ± 1 g mol
-1
 of electrons passed 
indicating the formation of an hydroxyl intermediate as given by Equation (7.1). 
7.4. CONCLUSIONS 
A carbon-supported Pd3CoNi was synthesized by the polyol reduction method. 
The ORR activity and methanol tolerance of the ternary catalyst was measured with a 
rotating disk electrode. The performance of the catalyst was compared to that of the 
Pd3Co/C binary-alloy and Pd/C catalysts.  The ternary-alloy catalyst showed a higher 
mass activity for the ORR compared to the binary-alloy catalyst (Pd3Co/C). A weakening 
was observed for both the atomic (O) and molecular (CO) adsorbates. The ternary alloy 
catalyst showed good tolerance to methanol oxidation and thus retained the high catalytic 
activity of the ORR in the presence of methanol. The surface oxide on the ternary alloy 
catalyst has been analyzed by combined CV and EQCN measurements. The type of 
adsorbate on Pd3CoNi/C has been identified as OH. Subject to the long-term stability, the 
Pd3CoNi/C ternary alloy catalyst is an excellent economical candidate that can be 





8.  Summary and perspectives 
The primary objective of this dissertation was to analyze the surface phenomena 
on platinum-based and palladium-based catalysts for the oxygen reduction reaction in 
low-temperature fuel cells and to gain an understanding of the role of surface adsorbates 
on the catalyst activity and durability. In this regard, an in situ surface sensitive technique 
was used to monitor the electrode-electrolyte interface to determine the origin and nature 
of the adsorbates. The results of this dissertation are briefly summarized below. 
The surface oxidation on polycrystalline platinum at different cathodic potentials, 
electrolytes, and dissolved gases was studied by combined CV and EQCN measurements. 
The results show that over an anodic sweep, an anhydrous oxide layer (O) is formed on a 
Pt surface over a wide potential range. It was found that the type of anion in the 
electrolyte does not influence the surface oxidation at high positive potentials. It was also 
found that the O2 gas in the electrolyte does not influence the extent of surface oxidation. 
It was concluded that the surface chemisorbed species came from the water of the 
electrolyte at a particular potential. 
The validity of the EQCN technique for catalyst nanoparticles was established for 
the first time by measuring the in situ mass change and dissipation energy of the catalyst 
film. The extent of surface oxidation on the carbon-supported platinum and platinum 
binary-alloy catalysts was evaluated with EQCN and rigid model analysis. The surface 
analysis showed that O is first formed on the carbon-supported Pt catalysts whereas a 
hydroxyl (OH) intermediate is adsorbed on the surface of the Pt when alloyed with Co 
and Cu. The catalysts with a strong metal-O bond show a greater degradation loss when 
compared to an alloy. It was concluded that the type of surface oxide on the catalyst 
influenced the activity and durability of the catalysts for the ORR. 
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A series of carbon-supported palladium-based catalysts were synthesized by the 
polyol method. Structural characterization showed the formation of single-phase 
disordered alloys. The surface analysis with combined CV and EQCN measurements 
showed the influence of the initial surface oxide on the stability of the palladium surface. 
It was found that the oxide on the synthesized catalysts undergoes chemical dissolution at 
higher anodic potentials when in contact with the acidic electrolyte. It was also found that 
an oxide (O) was formed on Pd and Pt and if Pd was alloyed with Au whereas a hydroxyl 
(OH) was formed when Pd was alloyed with Co and Ni as a result of a weaker M-O 
bond. However, the M-O bond strength relative to the M-M bonding in the catalyst was 
weaker. 
Studies on the carbon-supported palladium-gold binary alloy catalysts (Pd3Au/C) 
were carried out as a function of heat-treatment temperature. The results show that 
heating the catalysts to a minimum temperature of 300 
o
C is required to form an alloy 
with random distribution of metals. The EQCN analysis shows the formation of O on the 
catalyst surface. It was found that the durability of the catalysts increased with the heat 
treatment temperature.  
The electrochemical behavior of platinum and palladium was analyzed for the 
individual metal catalysts (Pt/C and Pd/C) and the binary-alloy catalysts (Pd3Pt/C and 
Pt3Pd/C). A competition between the metal-metal interaction and the metal-adsorbate 
interaction was observed. A stronger metal-metal bond weakened the relative metal-
oxygen bond. The EQCN analysis of Pt/C and Pd/C showed the formation of a surface 
oxide (O) on the anodic sweep. The ORR activity and methanol tolerance measurements 
showed that the Pd-O bonding was stronger than the Pt-O bonding relative to the catalyst 
M-M bondng. The studies also show strengthening of the Pd-metal bonding by alloying 
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Pd with Pt, which weakens the relative metal-O bond thereby decreasing the tolerance of 
the catalysts to methanol oxidation.  
Analysis of the carbon-supported Pd3CoNi/C ternary-alloy catalyst showed 
enhanced ORR mass activity compared to Pd3Co/C. EQCN analysis of the Pd-base metal 
alloy catalysts showed the formation of hydroxyl adsorbed species as the surface oxide 
on both catalysts as a result of a weaker M-O bond strength. The results show that the 
high tolerance of the catalysts to methanol oxidation is consistent with a weaker catalyst 
M-M bonding than that of Pt. 
In summary, this dissertation focused on the synthesis and analysis of the surface 
phenomena of catalysts for the oxygen reduction reaction. A combination of physical and 
electrochemical characterizations techniques were used to characterize the catalysts and 
to explain the observed catalytic performances. The results in this work show that surface 
oxidation on the catalyst in an acidic electrolyte results from interactions with the 
electrolyte and not with O2. The activity of the oxygen reduction reaction, which depends 
on interaction of O2 with the catalyst surface, appears to be stronger in the presence of 
surface OH than surface O. 
These studies leave open the question regarding the steps of the ORR by reaction 





APPENDIX A  (CHAPTER 2) 
ACS grade chemicals and reagents were used, as received, for the studies.  
Table A.1: List of Consumables. 
S.No. Material Supplier Details 
1 
 Carbon black  
(Vulcan XC 72R) 
CABOT, Fuel cell store CAS # 1333-86-4 
2 Unsupported Pt black BASF  
3 








Strasser research group- 
Univ. of Houston 
GM 0103 S182/1 
6 2-propanol 
Fisher Scientific 
(certified ACS plus) 




Fisher Scientific  
Laboratory grade, CAS 
# 628-63-7 
8 Auric (III) chloride Alfa Aesar 
CAS # 27988-77-3, 
99.9% (metals basis), 
Au 49 % (min) 
9 
Cobalt (II) chloride 
hexahydrate 
Alfa Aesar 
CAS # 7791-13-1, 
99.9% (metals basis) 
10 




CAS # 7758-99-8, 
100.0% (assay) 
11 Ethylene Glycol 
Fisher Scientific 
(certified) 
CAS # 107-21-1 
12 Hydrochloric acid 
Fisher Scientific 
(certified) 
CAS # 7647-01-0 
13 Methanol 
Optima ® 0.2 μ filtered, 
Fisher scientific 
 
Methanol A454-1,  




Table A.1 continued. 
S.No. Material Supplier Details 
14 Nafion 5wt.% solution Ion power, Inc 
Dupont DE521 Nafion® 
solution 
15 




CAS # 7791-20-0, 
100.4% (assay) 
16 Nitric acid 
Fisher Scientific 
(certified) 
CAS # 7697-37-2 
17 Nylon membrane filter Whatman 
0.8 μm, diameter 47 
mm, Cat no 7408-004 
18 Perchloric acid 
Optima grade, Fisher 
scientific 
A 469-250,  













CAS # 10025-99-7, 
99.9% (metals basis), Pt 














CAS # 7757-79-1 
23 Silver (II) nitrate Alfa Aesar 
CAS # 7761-88-8, 






CAS #  13820-53-6, 
99.9% (metals basis) 
25 Sulfuric acid 
Fisher Scientific 
(certified ACS plus) 
A 300 s-212,  
CAS # 7664-93-9 
26 Water Millipore 
>18 MΩ.cm at room 
temperature 




Table A.2: List of Compressed gases. 
S.No. Compressed gas Company CAS # Details 
1 Air Airgas 7782-44-7 Air Zero Grade Size 300 
2 Argon Airgas 7440-37-1 UHP size 300, grade 5.0 
3 Carbon monoxide Airgas 630-08-0 
5 % Carbon monoxide, 
balance Argon  
4 Hydrogen Airgas 1333-74-0 
10 % Hydrogen,  
balance Argon 300 
5 Nitrogen Airgas 7727-37-9 UHP size 300, grade 5.0 
6 Oxygen Airgas 7782-44-7 UHP size 300, grade 4.4 
Table A.3: List of Equipments. 
S.No. Equipment Company 
1 Air oven (Gravity convection) Precision® 
2 
CH 760 C Electrochemical work 
station 
CH instruments 
3 Glassy carbon electrodes Pine instruments 
4 Hot stirring plate 
Corning® PC-420D, Isotemp-
Fisher scientific 
5 Hydrogen electrode Gaskatel, Edaq 
6 
Impedance phase analyzer (S1 
1260) with electrochemical 
interface (S 1287) 
Solartron 
7 Maxtek-RQCM Maxtek, Inficon 
8 
Milli Q integral water purification 
system 
Millipore 
9 R(R)DE set-up Pine instruments 
10 Sonicator (batch type, 2510) Branson 
11 Vacuum oven VWR scientific products 
12 Weighing balance (d=0.1 mg) Mettler Toledo; Ohaus 
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(per  electron) 
No. of 
electrons 
O 8 2 
OO 8/16 4 / 2 
O(OH)2 12.5 4 
OH 17 1 
(OH)2 17 2 
(OH)4 17 4 
O2.H2O 12.5 4 
OH2 18 1 / 2 




O.2H2O 26 2 
O2.4H2O 26 4 
OOH 11 3 
(OH)3SO4 37 4 
 
Note:  The reactions involving higher number of electrons may form thicker oxides. The 
values were calculated from the different possible reaction occurring on Pt surface. 
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APPENDIX B  (CHAPTER 3) 
 
Figure B.1: Nyquist plots for measurement of solution resistance (Electrochemical 
impedance spectroscopy). 
 
Figure B.2: Schematic of simplified Randles circuit. 
The minimum value of Z’ (at Z” = 0) is taken as the solution resistance (Rs), 
assuming a simplified Randles circuit. 
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Figure B.3: Combined CV and EQCN response of Pt electrode in 0.5 M H2SO4 and 0.1 
M HClO4 in the potential range of 0.05 and EH at 25 
o




Figure B.4: Electrochemical behavior of Pt electrode in 0.5 M H2SO4 and 0.1 M HClO4: 
(a) ECSAPt, (b) interfacial mass-change, (c) charge density of oxide 
formation normalized per electrochemical area, and (d) charge density of 
oxide formation normalized per geometric area. 
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Figure B.5: Electrochemical behavior of Pt electrode in 0.5 M H2SO4 during oxide 
formation and oxide reduction: (a) amount of adsorbed species, M, g mol
-1
, 
(b) interfacial mass-change, (c) charge density of oxide normalized per 
geometric area, and (d) charge density of oxide normalized per 
electrochemical area. 
 
Figure B.6: Combined CV and EQCN response of Pt electrode in 0.1 M H2SO4, 0.05 M 
H2SO4, and 0.01 M H2SO4, in the potential range of 0.05 and EH at 25 
o
C 





Figure B.7: Electrochemical behavior of Pt electrode in 0.5, 0.1, 0.05, and 0.01 M 
H2SO4: (a) ECSAPt, (b) interfacial mass-change, (c) charge density of oxide 
formation normalized per electrochemical area, and (d) charge density of 
oxide formation normalized per geometric area.  
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Table B.1: Data summary- Oxide formation on Pt electrode in 0.5 M H2SO4 
Test 
Condition in 























EH: 0.8 V 8.43 6.15 7.63 1.24 0.008 101.16 
EH: 0.9 V 8.42 6.15 152.97 24.88 0.022 13.88 
EH: 1.0 V 8.39 6.12 601.86 98.32 0.047 7.53 
EH: 1.1 V 8.47 6.18 1158.14 187.29 0.084 7.00 
EH: 1.2 V 8.41 6.10 1625.18 264.96 0.125 7.39 
EH: 1.3 V 8.42 6.14 2048.05 333.41 0.160 7.54 
EH: 1.4 V 8.50 6.21 2496.88 402.23 0.197 7.61 
EH: 1.5 V 8.64 6.31 2998.87 475.50 0.232 7.46 
O2 - - 2249.03 - 0.144 6.18 
Ar 8.12 5.93 1621.85 273.69 0.129 7.67 
20 mV s
-1
 9.01 6.58 1718.93 261.29 0.128 7.18 
SCV - - 1478.07 - 0.129 8.42 
Table B.2: Data summary- Oxide reduction on Pt electrode in 0.5 M H2SO4 
Test 
Condition in 

















EH: 0.9 V 9.939699 1.616373 0.023 223.2664 
EH: 1.0 V 267.0118 43.61872 0.052 18.79064 
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Table B.2 continued. 
Test 
Condition in 

















EH: 1.1 V 648.4172 104.8616 0.087 12.94594 
EH: 1.2 V 1142.564 184.1649 0.135 11.40291 
EH: 1.3 V 1208.093 196.6692 0.174 13.89689 
EH: 1.4 V 1768.454 284.8881 0.221 12.05778 
EH: 1.5 V 2243.427 355.7186 0.265 11.39732 
Table B.3: Data summary- Oxide formation on Pt electrode in 0.1 M HClO4 
Test 
Condition in 























EH: 0.8 V 7.49 5.47 130.48 23.87 0.041 30.32 
EH: 0.9 V 7.48 5.46 465.16 85.17 0.060 12.45 
EH: 1.0 V 7.47 5.45 916.37 168.13 0.093 9.79 
EH: 1.1 V 7.43 5.43 1328.57 244.87 0.123 8.93 
EH: 1.2 V 7.25 5.37 1694.60 320.92 0.156 8.89 
EH: 1.3 V 7.36 5.37 2086.06 388.43 0.191 8.83 
EH: 1.4 V 7.39 5.39 2519.56 467.16 0.220 8.42 
EH: 1.5 V 7.41 5.41 2927.54 541.38 0.245 8.07 
O2 - - 2054.66 - 0.182 8.55 
Ar 6.80 4.97 1728.01 347.90 0.161 8.99 
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Table B.3 continued. 
Test 
Condition in 

























 8.01 5.85 1762.98 301.44 0.161 8.81 
SCV - - 1391.43 - 0.145 10.05 


























EH: 0.8 V 7.23 5.28 8.68 1.64 0.011 122.29 
EH: 0.9 V 7.22 5.27 184.78 35.08 0.023 12.01 
EH: 1.0 V 7.21 5.26 611.24 116.22 0.042 6.63 
EH: 1.1 V 7.17 5.23 1039.99 198.67 0.072 6.68 
EH: 1.2 V 7.12 5.19 1388.50 267.17 0.103 7.15 
EH: 1.3 V 7.15 5.22 1749.41 335.05 0.140 7.72 
EH: 1.4 V 7.26 5.30 2144.25 404.90 0.165 7.42 
EH: 1.5 V 7.27 5.31 2568.84 484.10 0.195 7.32 


























EH: 0.8 V 6.94 5.06 8.91 1.76 0.012 129.88 
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Table B.5 continued. 
EH: 0.9 V 6.94 5.07 190.04 37.52 0.019 9.65 
EH: 1.0 V 6.89 5.03 611.57 121.54 0.044 6.94 
EH: 1.1 V 6.90 5.03 1036.53 205.91 0.071 6.61 
EH: 1.2 V 6.81 4.97 1364.60 273.88 0.100 7.05 
EH: 1.3 V 6.87 5.01 1722.22 343.42 0.131 7.34 
EH: 1.4 V 6.92 5.05 2124.83 420.90 0.162 7.36 
EH: 1.5 V 6.91 5.05 2559.84 507.18 0.191 7.20 


























EH: 0.8 V 6.20 4.53 10.00 2.21 0.009 86.87 
EH: 0.9 V 6.21 4.53 191.60 42.25 0.022 11.08 
EH: 1.0 V 6.14 4.48 580.64 129.62 0.036 5.98 
EH: 1.1 V 6.10 4.45 967.43 217.45 0.064 6.38 
EH: 1.2 V 6.09 4.41 1275.92 286.81 0.092 6.96 
EH: 1.3 V 6.08 4.44 1608.04 362.38 0.124 7.44 
EH: 1.4 V 6.12 4.46 2000.46 448.12 0.153 7.38 
EH: 1.5 V 6.07 4.43 2417.63 545.87 0.183 7.30 
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Pt black 7.9 191.7 0.36 19.1 36.6 299.00 0.701 33–38 
Pt/C 7.9 9.3 0.12 41.1 3.82 367.80 0.717 7.5–9 
Pt-Cu/C 7.9 9.3 0.17 76.3 7.00 318.80 0.722 17–20 
Pt-Co/C 5 38.9 0.46 17.4 6.76 301.36 0.721 16–18 
Pt-Sc/C 5 26.7 0.31 36.5 11.4 260.50 0.696 24–26 
 





Figure C.1: Work function of the materials: (a) Vulcan XC 72 R (4.8298 eV), (b) Pt black (4.483 eV), (c) Pt/C (4.7654 eV), 




Figure C.2: Molar percent of dissolved Pt and Co (Pt3Co/C) as a function of upper 
potential. 
 
Figure C.3: The magnetic property of Pt3Co/C catalyst (Co metal, HCP: 1.73 µB, Bohr 
magneton at 0 K). 
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Figure D.1: (a) EDS line scans and (b) Thermogravimetric profiles of the samples. 
 
Figure D.2: XPS survey scans of the samples. 
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Table D.1: Data summary: Oxide formation and Oxide reduction on Pd3Au/C electrodes in 0.5 M H2SO4 
Catalyst 






























Pd/C – as 5916.27 0.6885 11.23 4203.77 13.71 1.131 25.96 2.31 
Pd3Au/C – as 5593.20 0.9195 15.84 3910.57 12.76 1.5908 39.16 2.47 
Pd3Au/C – 200 3054.26 0.8168 25.81 1967.61 6.42 1.3614 66.61 2.58 
Pd3Au/C – 300 2553.69 0.2718 10.28 1523.90 4.97 0.4385 27.82 2.71 
Pd3Au/C – 300 (O2) 2164.60 0.1680 7.49 1849.73 6.03 0.2740 14.29 1.91 




2626.42 0.2225 8.18 1420.06 4.63 0.3838 26.07 3.19 
Table D.2: Summary of data: Accelerated degradation tests of Pd3Au/C electrodes in 0.5 M H2SO4 
Catalyst 






























Pd3Au/C – as - before 4286.75 0.557 12.54 2927.75 9.55 1.04 34.11 2.72 
Pd3Au/C – as - after 840.93 0.755 86.63 452.33 1.48 0.765 163.18 1.88 
Pd3Au/C – 300 - before 1952.12 0.177 8.75 1199.08 3.91 0.301 24.22 2.77 
Pd3Au/C – 300 - after 857.56 0.162 18.23 494.88 1.61 0.262 51.08 2.8 
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Figure D.3: Charge density, amount of mass adsorbed and Molar mass of the adsorbed 
species on the samples during oxide formation and oxide reduction. 
 
Figure D.4: Comparison of the EQCN data obtained during oxide formation and oxide 
reduction of the samples. 
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Figure D.5: Combined CV and EQCN response of Pd3Au/C-300 in 0.5 M H2SO4 
between 0.4 and 1.24 V at 25 
o
C as a function of: (a) scan rate (50 mV s
-1
 
and 20 mV s
-1
), and (b) purge gas (Ar and O2). 
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APPENDIX E  (CHAPTER 6) 
Table E.1: Ink loading for different catalysts  
Catalyst 
Loading level, µg cm
-2
 Thickness of 
dry film, µm 
Nafion, wt. 
% (dry film) C Pt PGM 
Pd/C-EQCN  50 - 34 0.37 21.5 
Pd/C-ORR  108 - 72 0.79 22.1 
Pd/C-H2O2 103 - 69 0.75 22.1 
Pd3Pt/C-EQCN  49 11 32 0.35 22.1 
Pd3Pt/C-ORR  110 25 73 0.80 21.8 
Pd3Pt/C-H2O2 105 24 70 0.76 21.8 
Pt3Pd/C-EQCN 49 26 32 0.35 22.1 
Pt3Pd/C-ORR 108 59 72 0.77 21.1 
Pt3Pd/C-H2O2 103 56 66 0.74 22.1 
Pt/C-EQCN  62 42 42 0.47 25.1 
Pt/C-ORR  112 75 75 0.79 21.5 




Figure E.1: Thermogravimetric profiles of the samples. 
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Figure F.1: Combined CV and EQCN response of Pd3Co/C in 0.5 M H2SO4 between 
0.05 and 1.20 V at 50 mV s
-1
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